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ABSTRACT 
Remote Sensing Based on Hyperspectral Data Analysis 
 
by  
Ershad Sharifahmadian 
 
Dr.Shahram Latifi, Committee Chair, 
Professor of the Department of Electrical and Computer Engineering, 
University of Nevada, Las Vegas 
 
In remote sensing, accurate identification of far objects, especially concealed objects is 
difficult. In this study, to improve object detection from a distance, the hyperspecral 
imaging and wideband technology are employed with the emphasis on wideband radar. 
As the wideband data includes a broad range of frequencies, it can reveal information 
about both the surface of the object and its content. Two main contributions are made in 
this study:  
1) Developing concept of return loss for target detection: Unlike typical radar detection 
methods which uses radar cross section to detect an object, it is possible to enhance the 
process of detection and identification of concealed targets using the wideband radar 
based on the electromagnetic characteristics conductivity, permeability, permittivity, 
and return loss of materials. During the identification process, collected wideband data 
is evaluated with information from wideband signature library which has already been 
built. In fact, several classes (e.g. metal, wood, etc.) and subclasses (ex. metals with high 
conductivity) have been defined based on their electromagnetic characteristics. Materials 
in a scene are then classified based on these classes. As an example, materials with high 
electrical conductivity can be conveniently detected. In fact, increasing relative 
conductivity leads to a reduction in the return loss. Therefore, metals with high 
conductivity (ex. copper) shows stronger radar reflections compared with metals with low 
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conductivity (ex. stainless steel). Thus, it is possible to appropriately discriminate copper 
from stainless steel.  
2) Target recognition techniques: To detect and identify targets, several techniques have 
been proposed, in particular the Multi-Spectral Wideband Radar Image (MSWRI) which 
is able to localize and identify concealed targets. The MSWRI is based on the theory of 
robust capon beamformer. During identification process, information from wideband 
signature library is utilized. The WB signature library includes such parameters as 
conductivity, permeability, permittivity, and return loss at different frequencies for 
possible materials related to a target. In the MSWRI approach, identification procedure is 
performed by calculating the RLs at different selected frequencies. Based on similarity of 
the calculated RLs and RL from WB signature library, targets are detected and identified. 
Based on the simulation and experimental results, it is concluded that the MSWRI 
technique is a promising approach for standoff target detection. 
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CHAPTER 1 
INTRODUCTION 
Remote sensing is the collection of information about a target or phenomenon from a 
distance. One of the main applications of remote sensing is target detection and object 
identification. In every target detection process, target signatures are searched and 
extracted from collected data. These signatures are utilized to discriminate the target from 
background data. At least, one feature of the target should be different from the same 
feature in the background. Here, target detection is studied based on the hyperspectral 
imaging and WideBand (WB) technology.  
 
1.1. Hyperspectral Imaging 
Hyperspectral images contain both spatial and spectral information that can be used to 
detect, identify, and characterize targets in the scene. In hyperspectral images, the amount 
of radiance for any given material, varies with wavelength; therefore, to uniquely identify 
the material, a specific spectrum can be utilized, and in some circumstances, determine 
the type of material.  
The spectrum measured by the HSI camera is the solar spectrum changed by the 
transmittance function of the atmosphere and the reflectance spectrum of background. 
Different materials generate different electromagnetic radiation spectra unique to their 
chemical and physical structure, for instance electromagnetic radiation of dry vegetation, 
and green vegetation are different. Whereas most pixels have multiple materials 
contributing to the measured spectra, the spectral data in an HSI pixel can show various 
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materials present in a scene. These spectral data can be used to identify spatially resolved 
or unresolved objects based on their spectral signatures. 
To extract the spatial information in a scene, information embedded in the spatial 
arrangement of pixels in every spectral band is analyzed and morphological information 
is also extracted. 
Each detection and identification approach based on HSI should overcome two main 
challenges: 1) spectral variability and 2) background interference.  
Many HSI detection approaches have been developed and utilized in the past decade, 
and real-world applications of HSI algorithms have to take into consideration many 
issues that are generally overlooked. For instance, finding a threshold that maintains a 
constant false-alarm rate is difficult. Other practical challenges are sensor noise, sensor 
calibration, few pixels in comparison with the number of spectral bands, background 
variations, and in particular, target mismatch. In practical applications, these challenges 
show irrelevant any small performance gain caused by complicated sensors, when the 
goal is to reach the best performance with the least amount of a priori knowledge. 
 Moreover, a large number of HSI detection methods in literature are evaluated by 
specific datasets or simulated data. Although their results could be promising, due to the 
difficulty of data acquisition with a variety of targets and insufficient number of pixels 
per target, no one can explicitly say that one approach is the best. Therefore, regarding 
the real-world challenges of hyperspectral imaging, adaptive detection algorithms with 
high computational tractability and robust behavior are of interest. In fact, an optimal 
approach for the spectral processing may be the enhanced matched filter [1], [2]. 
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1.2. Wideband Technology 
WideBand (WB) radar technology differs from conventional narrowband radar 
technology in that instead of broadcasting on separate frequencies, the WB radar spreads 
signals across a broad range of frequencies (i.e. MHz-GHz). The typical sinusoidal wave 
is replaced by trains of pulses at hundreds of millions of pulses per second [3]. 
Some applications of WB signals are range measurement and, materials identification. 
For WB signals, there is a low probability of interference with communication systems.  
WB ground-probing radars have been used in geophysical surveying, construction, 
and agriculture to measure water, look for rock formations, and measure ice thickness. 
The wideband nature of the signal allows it to penetrate many solids and also fresh water 
with various degrees of penetration. Electromagnetic signals are reflected by any sudden 
change in the index of refraction, which is why the WB ground-probing radars are able to 
provide subsurface profiles and to detect underground water sources, problems in rock 
formations, etc. 
Historically, WB radar systems were developed mainly as a military tool because such 
systems could see through trees and underground surfaces [4]. Many military applications 
started with a requirement to provide better accuracy over longer distance. The 
possibilities for WB radar expanded significantly when it was determined that high-
power WB impulses could be produced with solid state devices. 
Based on the capability of short-duration impulse signals to collect information about 
hidden targets, there has been some attempts to create high-power remote sensing 
systems. The US Department of Defense’s Advanced Research Projects Agency (ARPA) 
sponsored radar programs for foliage penetration, high-resolution mapping, and mine 
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detection. These demonstrations helped develop high-resolution radar imaging 
technology and signal processing approaches to detect special targets. Foliage can 
conceal equipment, vehicles, and structures from airborne observers. Wideband impulse 
waves were utilized for foliage penetration (FOLPEN) and target detection [5]. 
Due to the presence of low frequencies in WB signals, penetration of most dielectric 
materials is assured enabling through-wall imaging, with good capacity to penetrate such 
building materials as concrete, brick, and wood [6]. Moreover, detection based on WB 
signals can operate in dust- or smoke-filled environments, where infrared (IR) and optical 
systems fail [7].  
While IR spectrum provides good resolution through an object’s surface and its 
exterior layers [8], penetration through denser materials like sheetrock, plaster, brick, 
fiberglass, wood, and concrete blocks requires operation below 10 GHz [9]. 
To fully appreciate the advantages of WB technology, consider that in order to achieve 
accuracy ranging in centimeters with conventional narrowband pulse radar techniques 
needs at least millimeter-wave transmitters and very short pulse lengths. Millimeter 
waves happen to be easily absorbed by the atmosphere and have a limited range of 
detection. Ultrasonic, IR, and UV detectors have similar attenuation problems due to 
moisture, aerosols. The WB antenna operates in a wide frequency range, which keeps it 
away from atmospheric absorption problems.  
In [10], the results were substantiated through a set of images produced from 
measurements taken in different environments through sheetrock walls with aluminum 
studs and also plaster walls with wooden studs. The images show the wall detail, 
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including stud placement as well as the contours of circular and flat objects both in the 
foreground and background [10]. 
In following sections, different models for analysis of target detection methods are 
reviewed. 
 
1.3. Modeling Techniques for Target Detection 
The process of target detection is entirely simulated to evaluate the efficiency of target 
detection techniques, identify effective range for different target detection methods, and 
analyze the effect of environmental conditions on the process of target detection. 
 
1.3.1. Modeling of Hyperspectral Imaging System 
There are various techniques for data acquisition for the application of target detection 
such as radar, LIDAR, hyperspectral imaging, photometer, etc. However, most target 
detection methods are based on hyperspectral images or radar data. Standard HSI ranges 
from 400nm to Near Infrared (NIR) and Infrared (IR). While the human eye can detect 
light from 400nm to 700nm, HSI images contain data from 400nm to 1500nm. Some HSI 
images can have an even larger wavelength range depending on the sensor used. The data 
collected from HSI sensors is stored in data cubes. Two dimensions are used for spatial 
information. The third dimension is used for spectral information. HSI modeling is how 
we interpret the information stored in the data cube. The interpretation of the data is how 
target detection is achieved. 
A hyperspectral imaging system modeling was proposed in [11]. The scene, the 
sensor, and the processing algorithm were the main area of concern. The idea was to 
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develop a system that can analyze the sensitivities and tolerances of individual 
components. For example, the effect of ambient light on a sensor could change from 
system to system. Figure 1 gives an overview of how an HSI system is subdivided into 
components in order to be analyzed. This compartmentalization provided more thorough 
system optimization. Furthermore, the authors used statistical methods for analyzing the 
data. The advantage over using physics for analytical purposes is speed. It is much faster 
to analyze how much a reading varies rather than why it varies [12]. 
Based on Figure 1, the complete HSI system is the end-to-end remote sensing model. 
This is what needs to be broken down for individual optimizations. The authors have 
broken it down into scene, sensor and processing modules [12]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Main components of an HSI system to be analyzed [11]. 
 
 
Area weighted linear mixing was used to help account for multiple background and 
object classes leaving mixed signatures. Unfortunately this method creates unimodal 
background classes. This means that extra accuracy is required in selecting background 
classes. A wet rock would be noticeably different from a dry rock. 
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As most modern HSI modeling techniques, the authors used air force research 
laboratory’s code MODTRAN [13] to model atmospheric effects as well as illumination 
from sunlight.  
The light from the object and background classes is statistically represented by the 
mean spectral radiance. For the background classes, the total mean spectral radiance is 
defined by the formula below. 
                                                           𝐿𝐵𝑚 = 𝐿𝑆(𝜌𝑚) + 𝐿𝑃(𝜌𝑎𝑣𝑒)                                            (1)      
                                                         𝐿𝐵𝑎𝑣𝑒 = 𝐿𝑆(𝜌𝑎𝑣𝑒) + 𝐿𝑃(𝜌𝑎𝑣𝑒)                                        (2) 
where 𝐿𝑝 is the path defined radiance and 𝜌𝑎𝑣𝑒  is the scene average reflectance. For the 
object class, equation (1) is modified to use the weighted sum of the object-class mean 
reflectance and the background-class. 
The sensor module takes the spectral statistics computed by the scene model and 
applies sensor effects to produce signal that describes the scene as imaged by an imaging 
spectrometer. This module is where radiometric noise distorts the signal. To counteract the 
radiometric noise, the covariance matrices have added diagonal terms. A covariance 
matrix is a matrix that defines how these variables change with respect to one another. The 
off diagonal terms are left untouched because of the assumption that there is no channel to 
channel noise. The term added is the scaled noise equivalent spectral radiance. It includes 
photon noise, thermal noise, and multiplexer/readout noise. The calibration error is added 
separately to the covariance matrices.  
The processor module takes the signal means and co-variances to give outputs for the 
HSI system. This is where atmospheric compensation, feature selection, and performance 
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matrices are applied. Feature selection is for choosing the method to create the reduced 
dimensional feature vector from the signal vector. 
In [14], authors proposed the usage of the polarized HSI. The polarized light reduces 
the noise of an image, and increases the resolution. In the polarized light, the transverse 
electromagnetic wave can only oscillate in one direction. Light from different sources tend 
to have multiple directions. Therefore, polarized HSI requires high computation. 
In fact, authors used a combination of subpixel model, polarized reflectance models, 
and classical Fast Canopy Reflectance (FCR) model HSI. They also include skylight 
effects. They used MODTRAN 4.0 for atmospheric effects.  
Moreover, they used Stoke’s parameters to explain the polarized light. The first 
parameter is the intensity. The fourth parameter is the elliptic polarization. The second and 
third parameters are for linear polarization. To calculate Stoke’s parameters, angles from 
0° to 135° in 45° increments were utilized. 
 
 
 
 
 
 
 
Figure 2. Microscopic surface irregularity effects on light polarization [14]. 
 
Figure 2 shows how microscopic surface irregularities cause polarized radiance. The 
random orientations of the microscopic surface can cause a difference between 
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macroscopic and microscopic surface normal. Therefore, the polarized radiance has to be 
modified by Fresnel’s polarized reflection coefficient. The result is as follows: 
 
                                                    𝐿𝑢𝑝 =  
𝐸𝑝(𝜇𝑛,𝜑𝑛)
4𝜇𝑣𝜇𝑛𝜇𝑠
𝐹𝑝(𝑖,𝑛)                                                   (3) 
 
The numerator can be approximated as a Gaussian. To test the polarimetric HSI process, a 
four stream radiance model was used (Figure 3). 𝑟𝑑𝑜is the target directional reflectance for 
diffuse incidences, 𝑟𝑑𝑑is the average surroundings diffuse reflectance for diffuse 
incidence, 𝜌𝑠𝑜is the bidirectional from the upper atmosphere, 𝜌𝑑𝑑 is the spherical albedo at 
the lower atmosphere, 𝜏𝑠𝑠 is the direct atmospheric transmittance of the sun, 𝜏𝑜𝑜 is the 
direct atmospheric transmittance in the viewer’s direction, 𝜏𝑠𝑑 is the diffuse atmospheric 
transmittance for solar incidence, 𝜏𝑑𝑜 is the directional atmospheric transmittance for 
diffuse incidence, 𝐸𝑠
0 is the direct solar irradiance on a planes normal to the sunlight, and 
𝜃𝑠 is the local solar zenith angle. The radiance received by the sensor is formulated as 
[14]: 
 
𝐿𝑜 =  𝜌𝑠𝑜
𝐸𝑠
0
𝜋
cos 𝜃𝑠  +  
 𝜏𝑠𝑠?̅?𝑠𝑑+ 𝜏𝑠𝑑?̅?𝑑𝑑
1− ?̅?𝑑𝑑𝜌𝑑𝑑
𝜏𝑑𝑜
𝐸𝑠
0
𝜋
cos 𝜃𝑠 +
 
𝜏𝑠𝑑+𝜏𝑠𝑠?̅?𝑠𝑑𝜌𝑑𝑑
1−?̅?𝑑𝑑𝜌𝑑𝑑
𝑟𝑑𝑜𝜏𝑜𝑜
𝐸𝑠
0
𝜋
cos 𝜃𝑠  +   𝜏𝑠𝑠𝑟𝑠𝑜𝜏𝑜𝑜
𝐸𝑠
0
𝜋
cos 𝜃𝑠                             (4) 
 
 
 
The polarized radiance requires several terms such as equation (4). The actual polarized 
radiance is calculated as follows [14]: 
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𝐿𝑜
𝑝𝑜𝑙 =  𝐿𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑚𝑢𝑙𝑡𝑖−𝑠𝑘𝑦𝑙𝑖𝑔ℎ𝑡 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔𝑠
𝑝𝑜𝑙 +
𝐿𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ𝑡 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔𝑠
𝑝𝑜𝑙 + 𝐿𝑠𝑢𝑛 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑏𝑦 𝑔𝑟𝑜𝑢𝑛𝑑
𝑝𝑜𝑙
           (5) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Four stream radiance model [14] 
 
 
In [15], unmixing models was emphasized for HSI data. Un-mixing involves separating 
a pixel which can have spectra of a number of substances, into the spectra of individual 
substances. Since spectral libraries are usually for individual substances, unmixing can be 
an unavoidable task. 
The standard un-mixing model is the Linear Mixing Model (LMM). LMM is however 
limited to linear cases. Soil and vegetation or land and water images are usually non-
linear. Post Non-linear Mixing Models (PNMM) was used.  
The process for identifying individual substances (endmembers) is called Endmember 
Extraction Algorithm (EEA). EEA’s traditionally use LMM to separate endmembers. 
Geometric EEA’s are non-linear and can be used with PNMMs. The particular EEA used 
here is called Vertex Component Analysis (VCA).  
The PNMM uses a non-linear transformation. The non-linear transformation is a 
second order polynomial. The polynomial PNMM can be reduced to a LMM if the co-
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efficient of the second order term is zero. The abundance vector ?⃗? is used to describe the 
abundances of the endmembers.   
Two methods are used to estimate ?⃗? and the coefficient of the second order term of the 
polynomial. Third and higher order terms are ignored by approximation. 
The first method of estimation is the hierarchical Bayesian algorithm. To reduce the 
complexity, a Markov chain Monte Carlo method was used. This method is still 
computationally time consuming. The second method of estimation was the Taylor 
approximation. The Taylor approximation was applied to a least squares algorithm 
referred to as Fully Constrained Least Squares. This method used far less computation 
time [15]. 
The multiple-input multiple-output (MIMO) radar with targets simulated by FEKO 
was presented in [16]. FEKO is a computer aided electro-magnetic simulator. This model 
considers a finite number of significant scatters from discrete separate locations.  The 
main goal is to validate the MIMO model with FEKO simulations. 
The main concerns about different techniques for target detection are computation 
time and accuracy. To increase the computation speed, parallelization of the target 
detection process is emphasized. Moreover, to improve the accuracy of the results, data 
fusion from different types of sensors are recommended.  
It ought to be noted using image fusion, the accuracy of target detection method can 
be improved. Image fusion techniques have been utilized in various applications, such as 
remote sensing. Combining two or more images of the same scene usually produces a 
better application-wise visible image [17]-[21]. 
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1.3.2. Modeling of Wideband Radar Detection 
 
1.3.2.1. Transmitter and Receiver Model for Wideband Antenna 
 
The transmitting transient response of an antenna is proportional to the time derivative of 
the receiving transient response of the same antenna. For example, it is assumed an 
antenna is designed to receive an impulse with minimum distortion. If the given antenna 
is driven with an impulse input, the radiated waveform is a differentiated impulse (a 
doublet) [22]. 
1.3.2.2. Wideband Pulse Model 
In order to improve the accuracy of target detection, WB signals with different shapes are 
used. Analyzing the shape of the received signal helps to better understand the 
attenuation undergone by an electromagnetic signal in transit between a transmitter 
antenna and a receiver antenna (i.e. path attenuation). Here, Gaussian, Gaussian 
monocycle, Gaussian doublet, and impulse are used during simulation (Figure 4). 
 
 
 
 
 
 
 
 
 
Figure 4. Different shapes for radiated WB signal 
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1.3.2.3. Free Space Model 
Several free space models have been proposed in the literature. In [23], the received 
power as a function of frequency is described as follows: 
(6) 
 
where TransG is the frequency response of transmit antenna, cGRe  is the frequency response 
of receive antenna, TransP is the average transmit power spectral density, c is the speed of 
light, and D is the distance to target. 
For a perfectly flat wideband signal placed in the range of cf  − W/2 to cf  + W/2 with 
power spectral density 
W
Pav
and a flat frequency response of the WB receiver with 
constant gain across the total bandwidth ( cGRe ), the total average received power at the 
output of the receive antenna is expressed as [12], [23]: 
 
 
(7) 
 
 
(8) 
 
 
(9) 
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(10) 
 
where 
cARe  is defined as the effective area of the antenna, and Narrow is related to the 
free space path loss model for narrowband signals. At the high frequency range, GHz, 
there is only 1.5 dB difference between RavP  and 
Narrow
avP , and the difference will be 
smaller for low frequency ranges. Therefore, the average received power for free space 
model, RavP , is formulated as follows [12], [23]: 
 
(11) 
 
(12) 
 
1.3.2.4. Target Model 
In order to model objects in the scene, each material is considered as a layer with a 
certain thickness. Afterwards, every layer is modeled based on how much the given layer 
is able to affect the transmitted and reflected average power densities of radiated 
wideband signals. The ratio of the transmitted field to the incident field is explained as 
follows: 
                                         
𝐹𝑇𝑟𝑎𝑛𝑠
𝐹𝑖𝑛
= 𝑒−𝛾𝑡
4𝐾
(1+𝐾)2
[1 − (
𝐾−1
𝐾+1
)
2
𝑒−2𝛾𝑡]
−1
                          (13) 
 
The ratio of the reflected field to the incident field is explained as follows: 
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where 𝐾 =
𝑍𝑤
𝑍𝑚
 in which Zm is the intrinsic impedance, and Zw is the wave impedance, γ is 
the propagation constant, and t is the layer thickness. The relation among field, power, 
and power spectral density is expressed as [24], [25], [26]: 
(15) 
 
where the Ref and in  indicate reflected and incident, respectively, and S is the power 
spectral density.  
The transmitted field of the first layer will be the incident field of the second layer. 
Thus, the incident field for the second layer is obtained by equation (13).  
In conclusion, to study the HSI sensors and remote sensing system performance, 
different parts of the remote sensing system is modeled. Over the last decade, various 
modeling techniques have been presented in the literature. Generally, different modeling 
methods are employed depending on their applications such as military, meteorology, etc. 
Those modeling techniques which used spatial-spectral information, have evolved 
from only the usage of one type of sensors (e.g. multispectral sensors), to more recent 
methods which utilize radars. 
After modeling of wideband radar detection, it is possible to appropriately set 
parameters related to wideband radar signals, then penetrate into an object and gather 
information about its content. The given parameters include center frequency, pulse 
repetition frequency, bandwidth, radiated power, polarization, etc.  
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CHAPTER 2 
TARGET DETECTION METHODS 
In this chapter, several techniques for target detection based on wideband technology are 
proposed. Moreover, hyperspectral target detection and HSI signature library are 
elaborated. 
2.1. Wideband Target Detection Techniques: 
As the WB data includes a broad range of frequencies, it can reveal information about 
both the surface of the object and its content.  
The wideband transmitter radar sends WB signals toward target. When 
electromagnetic waves pass through an object, the power of the waves will be subject to a 
certain level of attenuation depending on the object’s characteristics. At the receiver side, 
based on received wideband signals from the scene, each material can be identified. 
Target detection and identification based on wideband data are performed in two steps. 
First, the presence of target and its location are estimated. Then, the target is identified 
using wideband signature library. The wideband signature library includes the value of 
such parameters as conductivity, permeability, return loss at different frequencies for 
possible materials related to targets. The WB signature library is explained in Section 2.2. 
During the identification process, the electromagnetic characteristics of materials play 
a key role to identify a target. In other words, a target is identified by calculating return 
loss, and shielding effectiveness (in particular its absorption term which has indirect 
impact on the return loss) in collected wideband data, then comparing the results with the 
wideband signature library. 
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The most challenging issue about target identification is the accuracy of identification.  
To improve the accuracy and to provide more information about a concealed target, the 
following target detection techniques are presented. But, before presenting the 
techniques, a brief review of return loss and wavelet transform is in order. 
 
2.1.1. Return Loss 
Return loss is a measure of the reduction in electric and/or magnetic field strength from 
reflection caused by a material. Return Loss (RL) is expressed as follows [27]: 
 
 (16) 
 
2.1.2. Wavelet Transform 
Wavelet transform is broadly utilized in different applications such as signal detection, 
denoising, classification, etc. The wavelet transform provides suitable localization in both 
time and frequency domains. It has poor frequency resolution and good time resolution at 
high frequency, and good frequency resolution and poor time resolution at low frequency.  
An input signal can be represented by scaling and translating a short wave known as 
wavelet,  . Discrete coefficients which represent the scaling and translations are named 
as wavelet coefficients. During the wavelet decomposition, the original input signal is 
passed through low pass and high pass filters. After which, the filtered outputs are down-
sampled to obtain wavelet subbands including an approximation part and a detail part. 
During inverse wavelet transform, the wavelet coefficients in the approximation 
subband and the lowest frequency detail subband are upsampled, filtered by the low pass 
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and high pass synthesis filter and added together to provide the low pass signal for next 
reconstruction step.  
To complete the inverse transform, the reconstruction is continued for all wavelet 
subbands until the full-size signal is calculated [28]. 
In general, the signal energy is mainly concentrated in the lower frequency subbands. 
Thus, this representation gives energy compaction [28], [29].  
The wavelet transform contains the wavelet coeﬃcients of the expansion of the input 
signal corresponding to a basis )(, tfa  , and every value of )(, tfa   is a translated and 
dilated form of the mother wavelet, )(tf . The basis function is expressed as follows [30]: 
 
(17) 
 
 
where a is the scale of the wavelet. The wavelet coefficients represents the input signal 
x(t), and those coefficients are calculated as: 
 
(18) 
 
 
2.1.3. Target Detection Based on Wavelet Analysis 
To enhance the signal-to-noise-ratio in the narrowband radar detection, a matched filter is 
typically used. The matched filter is expressed as: 
 
(19) 
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where )(tg is the template of received WB signals from a target, )(ti is the collected WB 
signals by receiver antenna, and )(ty is the output of the matched filter.  
It is assumed that the value of a is constant. By looking at the equation (18) and (19), 
it is concluded that those equations are similar. In other words, the wavelet transform acts 
as the process of matched filtering. Before applying the wavelet transform to input data, it 
is required to match the scale of the wavelet transform to the frequency of the collected 
wideband signals. Thus, the scale a corresponding to aF ―the frequency of the received 
wideband signals― is expressed as follows [30], [31], [32]: 
 
(20) 
 
 
Where Δ is the sampling period, and 0F  is the center frequency of the mother wavelet. 
 
After the obtaining the wavelet’ scale, the wavelet transform is applied on collected 
wideband signals. Then, the envelope of wavelet output is calculated. Afterwards, the 
background subtraction followed by a thresholding is utilized.  
During the background subtraction, the every received wideband signal is subtracted 
by the background data. The background data consists of reflected power from antenna 
coupling and the scene without the presence of a target. 
After the background subtraction and thresholding, the location of the target is 
estimated. Then, the values of return loss are calculated at the selected frequencies                   
(frequencies used in radiated wideband signals).  
Based on how much the values of calculated return loss and the values in the WB 
signature library are closed together, the type of target is identified. The comparison 
process is performed for each material in the WB signature library. 

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2.1.4. Target Detection Based on Tunable Wavelet Analysis 
The block diagram of the method is shown in Figure 5. Using the proposed method, first, 
the presence of the target and its location are estimated.  
Next, the target is recognized using evaluation of target’s characteristics with information 
in wideband signature library. 
 
 
 
 
 
 
 
 
 
Figure 5. Block diagram of the target detection method based on tunable wavelet 
 
It is possible to adaptively tune the resolution in the time and frequency domain. The 
main concept behind the tunable resolution is to replace the constant quality factor of the 
wavelet transform with a variable adaptive quality factor [33]. Therefore, the mother 
wavelet can be written as: 
(21) 
 
 
where 0F  is the center frequency of )(tg and )(ˆ tg is its envelope function. By using a 
value of Y, the new mother wavelet is represented as: 
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(22) 
 
 
 
Therefore, the amplitude and the time spread of the mother wavelet depend on the value 
of Y. Now, the tunable wavelet transform is expressed as follows: 
 
 
 
 
 
 
(23) 
 
 
 
All the windows in a fixed scale along the time axis are fixed for a typical wavelet 
transform with a certain mother wavelet. The size of windows changes when the 
frequency changes. But, for the tunable wavelet transform, the time and frequency 
resolutions can vary in a certain scale. The resolution adjustment in the same scale is 
controlled by Y. 
After the obtaining the wavelet’ scales  the center frequency of the WB signals 
change, so it is necessary to calculate the wavelet’s scale for each center frequency the 
tunable wavelet transform is applied to collected wideband signals. Then, the envelope of 
wavelet output is calculated. Afterwards, the clutter rejection followed by a thresholding 
is utilized.  
During the clutter rejection, the every received wideband signal is separated from 
reflected signals from antenna coupling and the scene without the presence of a target. 
At this step, the presence of the target and its location are estimated. Based on how 
close the calculated RL data are to their respective values in the WB signature library, the 
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type of target is identified. The comparison process is performed for each material in the 
WB signature library. 
 
2.1.5. Target Detection Based on Multi-Spectral Wideband Radar Images 
2.1.5.1. Radar Imaging 
Image of objects is produced by sending radar signals and calculating the roundtrip time 
of reflections. A spatial scanning using a wideband radar system is illustrated in Figure 6. 
The cross-range x is sampled by the interval of x . Then, the round-trip time t of each 
object at the position 1,...1, 
x
X
AAaxa , is recorded. As the radar signal sends 
at the speed of light c, the range can be defined as follows: 
 
(24) 
 
At the receiver side )0,( yx p , the temporal response is calculated as 
(25) 
 
where nt  is the arrival time, nb  is the attenuated and phase shifted version of radiated 
signals. The frequency response for equation (25) is defined as follows: 
 
(26) 
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)(
)(
fX
fY
G   can be sampled with the interval of f . Therefore, it is possible to 
calculate )( fY  at the receiver. The )( fX  is about the radiated signals, the center 
frequency is defined as cf , and BW is the bandwidth. 
 
 
 
 
 
 
 
 
 
Figure 6. Cross-range and range for wideband radar 
 
The range resolution ( y ) of a radar is defined as the capability of the radar to 
distinguish reflection of target from background data. It is possible if the received signals 
can be discriminated in the time domain by at least a pulse width.  
Based on equation (24), the pulse duration, t  , is related to the range resolution, in 
other words, 
2
tcy

 . Therefore, a radiated spectrum )( fX  with the amplitude of 
one and the phase of zero is converted to the time domain as a Sinc with the pulse width 
of
BW
t
1
 . Therefore, the range resolution can be defined as
BW
c
y
2
 . In fact, the 
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received Sinc pulses are periodic with the period of 
f
1
. Based on Figure 6, the cross-
range resolution can be defined as 
Xf
Yc
x
c2

  for the small angle of k; the beamwidth k 
of the radar is 
Xf
c
c2
. 
 
2.1.5.2. Multi-Spectral Wideband Radar Images 
Figure 7 shows the block diagram of target detection based on Multi-Spectral Wideband 
Radar Image (MSWRI). 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. General block diagram of target detection based on MSWRI 
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During pre-processing phase of collected WB data, the clutter rejection is done. Every 
received wideband signal is separated from reflected signals from antenna coupling and 
the scene without the presence of a target. 
Next, the 2-D radar image is generated using the measured frequency response in 
equation (26) through the Phase-Shift Method [34], [35].  
First, the frequency response is converted to the wavefield 
2G  using the Fourier 
transform from the spatial domain to the wavenumber domain: 
(27) 
 
Using the Fourier kernel, the phase shift is added in y 
 
(28) 
 
where yn  defines the wavenumber in the y direction. The yn  is expressed as 
 
(29) 
The new frequency response can be obtained through the inverse Fourier transform of 
),;(2 ynfG x : 
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Now, the temporal response is defined as follows:  
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At this point, the 2-D image is produced. In fact, the 2-D image is the amplitude of 
impulse response at 0t , or ),;0( yxtg  . 
In the next step, a 3-dimensional image called the multi-spectral wideband radar image 
is built (Figure 8). Figure 8 is an example about how the MSWRI is constructed.   
As the wideband signals are radiated in different center frequencies, it is possible to 
create a 2-D radar image corresponds to each center frequencies. 
 
 
 
 
 
 
 
 
 
Figure 8. Construction of multi-spectral wideband radar images 
 
MSWRI is processed by sequential matched filter approach. The spectral processing is 
based on the theory of Robust Capon Beamformer (RCB) [36]. In fact, an uncertainty 
region constraint is introduced into the optimization process. Therefore, the following 
constraint is defined: 
(32) 
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where g  is the actual target signature, 0g  is the target signature from the WB signature 
library, and ԑ is the very small positive number (it is not permittivity). Thus, the 
optimization problem is expressed as: 
 
(33) 
Where  is the background covariance matrix. The matched filter is defined in diagonal 
loading form as follows 
(34) 
 
where 1  loading factor and is calculated by the following nonlinear equation. 
 
(35) 
 
Where N is the number of spectral band, 0ˆ gVg
T
m  , and m  are calculated from the 
Eigen-decomposition [36]: 
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During detection procedure, the values of return loss at different selected 
frequencies―frequencies used in radiated wideband signals― are calculated. Then, 
information from wideband signature library is utilized. Based on how much calculated 
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the values of return loss at different selected frequencies, the possibility of false 
identification is decreased.  
 
2.2. Wideband Signature Library 
The WB signature library includes the value of conductivity, permeability, permittivity, 
return loss at different frequencies for more than 50 materials. 
In this section, it is shown how return loss is defined at the WB signature library, and 
the relation between electromagnetic characteristics of a material with its return loss in 
the WB signature library.  
Every material can be defined as a layer with a certain thickness. A layer can be 
identified based on how much that layer affects the reflected average power densities, and 
return loss at different frequencies (Figure 9).  
The reflection coefficient at the air-to-medium interface is 
𝑎𝑚
, and transmission 
coefficient of at the air-to-medium interface is 1 − 
𝑎𝑚
. The reflection coefficient at the 
medium-to-air interface is 
𝑚𝑎
.  The  
𝑚𝑎
 and  
𝑎𝑚
 are defined as follows: 
 
 
                                                                                                                                         (37) 
 
 
Moreover, 𝐾 =
𝑍𝑤
𝑍𝑚
 in which Zw is wave impedance in free space, and Zm is medium 
impedance. The wave impedance and medium impedance are defined as follows: 
 
 
 
K
K
K
K
amma






1
1
,
1
1

 
 
29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Reflection and transmission at normal incidence by a flat medium 
 
 
(38) 
 
 
(39) 
 
where σ is the conductivity of a material [S/m],  µ is the permeability, µ0  is the absolute 
permeability of the air, and 12
0 10854.8
  is the absolute permittivity of air. 
Metals have very high conductivity. Therefore, if the medium is metal, then  𝜎 ≫ 𝜔ԑ 
and thickness of metal is too much greater than skin depth in metal. Thus, Zm for metals 
can be written as: 
(40) 
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If the target is placed in the antenna’s far field, the electromagnetic field of the WB 
antenna will be plane. Therefore, if the medium is metal, K in the case of plane waves 
(far field) is expressed as follows: 
(41) 
 
where µ𝑟  is the relative permeability. 
As shown in Figure 9, the transmitted field, inside the medium, on the left edge, FT_il, 
is defined as F𝑇_𝑖𝑙 = 𝐹𝑖(1 −  ρ𝑎𝑚). The arriving field inside the medium, on right edge of 
the medium, Fir, is expressed as follows: 
 
                        F𝑖𝑟 =  𝐹𝑇_𝑖𝑙𝑒
−𝛾𝑡 =  F𝑇_𝑖𝑙𝑒
−(𝛼+𝑗𝛽)𝑡 =  𝐹𝑖(1 −  ρ𝑎𝑚)𝑒
−(𝛼+𝑗𝛽)𝑡               (42) 
 
Where γ is propagation constant, α is attenuation constant, β is phase constant, and t is 
medium thickness. The re-reflected field strength, inside the medium, on the right edge of 
the medium, FR_ir, is: 
 
                                      F𝑅_𝑖𝑟 =  ρ𝑚𝑎F𝑖𝑟 =  𝐹𝑖ρ𝑚𝑎(1 −  ρ𝑎𝑚)𝑒
−𝛾𝑡                               (43) 
where ρma is the reflection coefficient of medium-to-air. The transmitted field, outside the 
medium, on the right edge of the medium, FT_or, is defined as follows: 
 
                           F𝑇_𝑜𝑟 =  (1 −  ρ𝑚𝑎)F𝑖𝑟 = 𝐹𝑖(1 −  ρ𝑎𝑚)(1 −  ρ𝑚𝑎)𝑒
−𝛾𝑡                    (44) 
When the propagation constant is not significant, one or more round-trip re-reflections 
should be defined. The re-reflected field of equation (43), inside the medium, on the left 
edge of the medium is expressed as follows: 

 02
1
rf
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                                         F𝑖𝑙 =  𝐹𝑅_𝑖𝑟𝑒
−𝛾𝑡 =  𝐹𝑖ρ𝑚𝑎(1 −  ρ𝑎𝑚)𝑒
−2𝛾𝑡                         (45) 
 
The re-reflected field strength, inside the medium, on the left edge of the medium, FR_il, 
is: 
 
                                F𝑅_𝑖𝑙 =  ρ𝑚𝑎F𝑖𝑙 =  𝐹𝑖ρ𝑚𝑎
2(1 − ρ𝑎𝑚)𝑒
−2𝛾𝑡                                 (46) 
 
Undergoing a third attenuation and phase shift of the given re-reflected field in arriving 
back at the right edge of the medium, is defined as: 
 
                                    ?̇?𝑖𝑟 =  F𝑅_𝑖𝑙𝑒
−𝛾𝑡 =  𝐹𝑖ρ𝑚𝑎
2(1 − ρ𝑎𝑚)𝑒
−3𝛾𝑡                             (47) 
 
The transmitted component of ?̇?𝑖𝑟, is expressed as: 
 
                       ?̇?𝑇_𝑜𝑟 =  (1 −  ρ𝑎𝑚)?̇?𝑖𝑟 =  F𝑖ρ𝑚𝑎
2(1 −  ρ𝑎𝑚)(1 − ρ𝑚𝑎)𝑒
−3𝛾𝑡                    (48) 
 
Whereas the re-reflected field component of (48) is coherent with the transmitted field of 
(44), those are coherently added. Therefore, the total transmitted field, outside the 
medium, on the right edge of the medium, is defined as follows: 
        𝐹𝑡𝑜𝑡𝑎𝑙_𝑇 =  𝐹𝑖𝑒
−𝛾𝑡(1 − ρ𝑎𝑚)(1 −  ρ𝑚𝑎)[1 + 𝜌𝑚𝑎
2 𝑒−2𝛾𝑡 + ρ𝑚𝑎
4 𝑒−4𝛾𝑡 + ⋯ ]    (49) 
 
The bracket expression shows an infinite series. It can be simplified by writing the given 
series in terms of its reciprocal.  
 
                      𝐹𝑡𝑜𝑡𝑎𝑙_𝑇 =  𝐹𝑖𝑒
−𝛾𝑡(1 − ρ𝑎𝑚)(1 −  ρ𝑚𝑎)(1 −  𝜌𝑚𝑎
2𝑒−2𝛾𝑡)−1                 (50) 
 
By substituting (37) in the equation (50), the 𝐹𝑡𝑜𝑡𝑎𝑙_𝑇 is defined as: 
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𝐹𝑡𝑜𝑡𝑎𝑙 𝑇 =  𝐹𝑖𝑒
−𝛾𝑡 (
2𝐾
1 + 𝐾
) (
2
1 + 𝐾
) [1 −  (
𝐾 − 1
𝐾 + 1
)
2
𝑒−2𝛾𝑡]
−1
 
                         =  𝐹𝑖𝑒
−𝛾𝑡 4𝐾
(1+𝐾)2
[1 −  (
𝐾−1
𝐾+1
)
2
𝑒−2𝛾𝑡]
−1
                                      (51) 
 
Therefore, the ratio of the transmitted field to the incident field is expressed as follows: 
 
                                         
𝐹𝑇
𝐹𝑖
= 𝑒−𝛾𝑡
4𝐾
(1+𝐾)2
[1 − (
𝐾−1
𝐾+1
)
2
𝑒−2𝛾𝑡]
−1
                            (52) 
 
In order to obtain the reflected field, the same procedure is done: 
 
𝐹𝑅 = 𝐹𝑖ρ𝑎𝑚 + 𝐹𝑖(1 − ρ𝑚𝑎)[ρ𝑚𝑎(1 − ρ𝑎𝑚)𝑒
−2𝛾𝑡] + 
𝐹𝑖(1 − ρ𝑚𝑎)[ρ𝑚𝑎
3(1 − ρ𝑎𝑚)𝑒
−4𝛾𝑡] + 𝐹𝑖(1 − ρ𝑚𝑎)[ρ𝑚𝑎
5(1 − ρ𝑎𝑚)𝑒
−6𝛾𝑡] + ⋯                          
= 𝐹𝑖(𝜌𝑎𝑚 + 𝑒
−2𝛾𝑡𝜌𝑚𝑎(1 − 𝜌𝑚𝑎)(1 −  ρ𝑎𝑚)[1 +  𝜌𝑚𝑎
2𝑒−2𝛾𝑡 + ρ𝑚𝑎
4𝑒−4𝛾𝑡 + ⋯ ])    (53) 
 
Therefore, the ratio of the reflected field to the incident field is defined as follows: 
 
                                                                  
 
 
 
(54) 
 
Based on equation (16) and (54), the return loss for a medium can be expressed as: 
 
 
(55)  
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Another parameter which is used for target detection is the shielding effectiveness, in 
particular absorption. The shielding effectiveness is defined as follows: 
 
(56) 
 
 
 
Based on equation (52) and (56), the shielding effectiveness is written as: 
 
 
 
(57) 
 
In equation (57), 𝑒𝛼𝑡 is the absorption term, 
(1+𝐾)2
4𝐾
 is the reflection term, and                         
1 − (
𝐾−1
𝐾+1
)2𝑒−2𝛾𝑡 is the multi-reflection term. Based on equation (57), the absorption and 
reflection are defined as follows: 
 
(58) 
 
(59) 
 
The most of radiated power after reflection from a target in particular, metallic targets 
in the scene, comes from its surface. In other words, the multi-reflection term can be 
ignored. As mentioned before, the propagation constant is 𝛾 = 𝛼 + 𝑗𝛽 =
√𝑗𝜔𝜇(𝜎 + 𝑗𝜔𝜀). For metals, 𝜎 ≫ 𝜔𝜀, 𝛼 = 𝛽, |𝛾| = √2𝛼, and   𝛾 = √𝑗𝜔𝜇𝜎 =
(1 + 𝑗)√𝜋𝑓𝜇𝜎. Therefore, 𝛼  for metallic materials is defined as: 
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(60) 
 
In conclusion, several classes (e.g. metals, woods, etc.) and subclasses (e.g. metals 
with high conductivity) have been defined based on electromagnetic characteristics of 
materials. 
 
 
2.3. HSI Target Detection 
 
2.3.1. Background 
The spectral angle distance (SAD) between two pixel vectors ix  and jx , is defined by the 
following expression [37]: 
 
(61) 
 
where ix  and jx  are two pixel vectors, and the 2-norm for pixel vector ix , is denoted by 
2i
x .  
A morphological endmember extraction algorithm has been proposed in [38] which is 
based on extended morphological operations and the application of morphological 
operations to integrate both spatial and spectral data. In fact, the impact of different 
vector ordering strategies on the definition of multichannel morphological operations for 
spectral unmixing of HSI data has been assessed. Spectral angle distances between full 
spectral signatures provides higher quality endmembers and fractional abundance 
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estimations than other classic methods that only use spectral information for the 
unmixing process. 
A spatial-spectral preprocessing method for volume-based endmember extraction 
algorithms has been proposed in [39]. In this method, spectrally pure and spatially 
homogeneous areas are searched by a hybrid approach that combines unsupervised 
clustering and volume-based concepts. A set of representative areas is then selected. This 
preprocessing technique is followed by a volume-based endmember extraction process 
using the pixels placed in such areas, which selects only a representative endmember per 
area. Experimental results for the given method show spatial information can assist in the 
selection of spectral endmembers which are more relevant in spatial data and decrease the 
computation time.  
In [40], an algorithm for spatial-spectral endmember extraction has been introduced to 
incorporate texture features in the quantification of spatial information. The results of the 
given algorithm indicate that textural information can assist in the selection of spectral 
endmembers. However, there is not a certain approach for combination of the final set of 
endmember candidates obtained by merging the individual sets of candidates found using 
spectral, textural and joint spectral–textural information. In fact, it is difficult to select the 
best possible final endmember instances out of the full set of available candidates. 
The usage of the watershed transformation to integrate spatial and spectral information 
for endmember extraction has been introduced in [41]. The proposed method is 
considered as a preprocessing step to automatically select a small subset of pixels 
including potentially relevant candidates from both spatial and spectral domain. Using the 
morphological watershed transformation, it is possible to guide the endmember exploring 
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procedure to spatially homogeneous and spectrally pure regions. Searching process for 
endmember extraction is to exploit the spatial similarity between adjacent pixels by 
defining a criterion which is sensitive to the nature of both homogenous and transition 
regions between different land-cover classes. The transition regions between two or more 
different land-cover classes could include some mixed pixels. Therefore, it is assumed 
that pure pixels are less likely to be found in such transition regions. 
 
2.3.2. Hybrid Method 
The block diagram of the hybrid method for target detection is illustrated in Figure 10. 
The hybrid method is based on hyperspectral imaging and wideband technology. 
 
 
 
 
 
 
 
 
Figure 10. Block diagram of hybrid target detection method 
 
The hybrid target detection method is useful when very far target detection is of interest. 
In this situation, the presence of the far target is estimated by HSI processing, then the 
possible target is detected and identified based on WB processing. In fact, the HSI 
processing helps to better remove background data in a broad scene. 
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For HSI processing, both spatial-spectral processing is important. Therefore, the 
combination of morphological endmember extraction algorithm and matched filter 
method is proposed for HSI processing. Based on literature review of all HSI processing 
methods for target detection, the given algorithms have been selected.  
For the wideband processing, each technique explained in section 2.1 can be utilized. 
 
2.4. HSI Signature Library 
The HSI library includes the values of reflectance and wavelength for different materials 
(~200 materials) which have been categorized in different groups. There is a search 
engine in the library for which searching process can be performed based on reflectance, 
wavelength, and the name of materials. The HSI data have been collected from available 
databases such as USGS and ASTER. Moreover, the HSI library have been developed 
using spectrometers during spectral data collection.  
The HSI library also includes following categories:  
 
1) Metal: Steel, Aluminum; Galvanized steel; Oxidized galvanized steel; Painted 
aluminum; Brass plate; Copper, slightly weathered; Copper, ten years weathered; 
Gold plate copper, extremely weathered; Coated steel girder WTC01-8; Black gloss 
paint I coat on aluminum; Black gloss paint II coat on aluminum; Olive green gloss 
paint I coat aluminum; Olive green gloss paint II coat aluminum; Rust. 
 
2) Wood: Fine grain particle board; Plywood, fresh pine; Strand board, Cedar shake, 
fresh; Cedar shake, high weathered; Cedar shake, medium weathered; Cedar shake, 
slightly weathered; Cedar shake, weathered with moss; Cedar Shake, Highly 
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Weathered; Black gloss paint I coat on pine; Black gloss paint II coat on pine; Olive 
green gloss paint I coat pine; Olive green gloss paint II coat pine. 
 
3) Glass: Plate Window Glass. 
 
4) Paint :Black gloss paint; Black Nextel paint; Black rubber paint; Metallic silver 
paint; Ultra flat black paint; Lamp (Ebony) Black Paint; Flat black paint 1249; Flat 
black paint 1949; Flat black paint 7211; Glossy black paint 1601. 
5) Asphalt: Asphalt roof; Black road asphalt; Weathered runway construction asphalt; 
Gray and black Construction asphalt; Asphalt roofing shingle; Asphalt shingle ; 
Reddish asphalt roofing shingle; Reddish asphalt shingle ; Asphalt shingle tan; 
Asphalt shingle, dark gray; Asphalt Shingle, light gray; Asphalt black, old road; 
Asphalt black, new roof. 
 
6) Plastic: Black plastic; White fiberglass rubber ; Clear fiberglass roofing ; Green 
fiberglass roofing; White fiberglass roofing; Pink fiberglass insulation; Nylon coated 
black; Polyester pile black ; Black Rubber; Black plastic drain pipe ; Black plastic 
pipe ; Blue plastic pipe ; Plastic grey; Plastic tyvek white; Plastic vinyl clear 1mm; 
Plastic visqueen clear; Plastic vinyl white ; Plastic tarp blue; Plastic tarp green; 
Plastic Greenhouse roof; Plastic PVC white; Clear plastic film ; Plastic vinyl clear 
0.4mm;Plastic PETE black; Plastic PETE clear bluish; Plastic PETE clear purpleish; 
Plastic PETE clear; Plastic HDPE large grey translucent; Plastic HDPE transparent; 
Plastic HDPE white opaque; Plastic HDPE white translucent; Plastic HDPE white 
transparent;Plastic HDPE yellow opaque; Plastic LDPE white translucent; Plastic 
LDPE clear film; Plastic HDPE black sheet; Plastic HDPE blue-green; Plastic HDPE 
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glossy white transparent; Plastic HDPE white transparent; Plastic HDPE translucent 
brown; Plastic LDPE. 
 
7) Brick: Brick tan paving; Brick dark brown gray paving; Brick red paving ; Brick dark 
red building; Brick medium red building; Brick large gray building ; Brick dark gray 
building; Bare red Brick; Red Smooth-faced Brick ; Weathered Red Brick. 
 
8) Concrete: Concrete; Light brown construction concrete;  Variegated construction 
concrete; Gray and white weathered runway construction concrete ; Variegated bridge 
construction concrete ; Asphaltic concrete; Approximately 30-year-old runway 
construction concrete; Cinder block large grey; Concrete grey road; Concrete light 
gray road; Concrete, Cement + Gypsum. 
 
9) Miscellaneous Objects: Brown Cardboard ; Burlap fabric ; White cotton; Terrycloth 
yellow ; Blue polystyrene insulation; Nylon webbing, olive drab; Yellow nylon 
webbing; Black polyester webbing; Black roofing felt; Stonewall and green grass I; 
Stonewall and green grass II; Stonewall playa dry mud field I; Stonewall playa dry 
mud field II; Tarpaper, new black; Tarpaper, weathered black ; Cinders, Ashen; Black 
matte construction tar; Black glossy construction tar; White weathered construction 
marble; Black tar paper 0522UUUTAR; slate stone shingle; Terra Cotta tiles. 
 
10) Soil & Sand: Brown gravelly sandy loam 89P1793; Brown loamy fine sand 
87P3468; Brown loamy fine sand 87P3665; Brown loamy fine sand 87P3671; Brown 
sandy loam 87P2410; Brown silty loam 87P337; Brown to dark brown gravelly loam 
87P313; Brown to dark brown sand 87P706; Dark brown interior moist clay loam 
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79P1530; Dark reddish brown fine sandy loam  87P473; Dark yellowish brown silty 
clay 89P1805; Light yellowish brown clay 89P1763; Light yellowish brown interior 
dry gravelly loam 79P1536; Light yellowish brown loam 84P3721; Light yellowish 
brown loamy sand 89P1772; Pale brown silty loam; Reddish brown fine sandy loam 
87P1087; Reddish brown fine sandy loam 87P2376; Very dark grayish brown loamy 
sand 90P0142; Very pale brown to brownish yellow interior dry gravelly silt loam 
82P2695. 
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CHAPTER 3 
EXPERIMENTS AND RESULTS 
3.1. Spectral Signature Acquisition Devices 
The visible and near infrared, or VNIR, are defined as the wavelengths from 400nm to 
700nm and 700nm to 1.4um, respectively [42]. Short wave infrared, or SWIR, is the next 
range of wavelengths from 1.4um to 3.0um [42], although these are more of a rough 
guideline than anything. This entire portion of the infrared spectrum is referred to as 
reflected infrared, as opposed to thermal infrared, which will be addressed later. The 
range of spectra from 350nm to 2.5um is collected by a spectrometer, the ASD FieldSpec 
3 [43]. This spectrometer contains three different detectors, the first of which is a Silicon 
array in the VNIR range, collecting samples at 3nm of resolution. Two InGaAs 
photodiodes with different properties are used to collect separately the spectra ranging 
from 1.0um to 1.8um, and 1.8um to 2.5um, with a resolution of 10nm. 
The ASD FieldSpec3 is used with the contact probe shown in Figure 11 to provide 
lab-quality spectra. The Hi-Brite Contact Probe is used to isolate the sample from 
external lighting sources, and utilizes a halogen bulb as an active source [44]. The only 
drawback to this method, is that the halogen bulb must be left on approximately 30 
minutes to allow for the temperature to stabilize, and therefore provide a consistent 
lighting source across samples. This does allow for multiple samples to be taken without 
recalibration; however, for critical tasks such as building a permanent library of spectra, 
the recalibration is recommended after each data collection. 
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Figure 11. ASD FieldSpec 3 spectrometer [43] and Hi-Brite contact probe [44] 
 
Piecing together these three collected spectra is done automatically by the ASD 
proprietary software. However, it is apparent that these three detectors do not have the 
same response at their wavelength cutoff boundaries. This is especially apparent when 
the spectrometer is calibrated with some material other than a Spectralon target, or if 
there is some error during calibration.  
 
 
 
 
 
 
 
 
 
Figure 12. Lead reflectance showing calibration error 
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All of the materials were sampled using a bare fiber as opposed to a foreoptic lens. 
This means that there is a very directional quality of the fiber optic, so that certain 
orientations of grain in the material can cause phenomena such as higher or lower 
reflectance since the surface of the sample may not be perpendicular to the contact probe 
area. Figure 12 shows a spike in reflectance around 1.0um, and a fall at 1.8um, which 
indicates a possible error in calibration. The spike is approximately 0.02 normalized 
reflectance, which is about a 10% measurement error in the final reflectance spectrum for 
the lead sheet. 
A Spectralon white 99% reflectance target is used for calibration of spectrometers 
[45], and is also used on a larger scale for ground truth calibration (Figure 13). Targets 
with other values of reflectance can be obtained as a benchmark, or for additional 
calibration to certain reflectance levels as low as 2%. The size of these targets varies from 
4 square inches all the way up to 9 square meters [45]. This type of calibration target is 
necessary when using a self calibrating spectrometer, since all reflectance measurements 
will be given as a ratio to this nearly pure white spectra. 
 
Figure 13. Spectralon white target reflectance [45] 
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The Mid-Wave and Long-Wave Infrared, or MWIR and LWIR, are the portions of the 
infrared spectrum from 3um8um, and 8um15um.  
Agilent FlexScan 4200 spectrometer collects reflectance data in the 7 to 14 um range, 
which is primarily LWIR spectra [46]. The detector used in the FlexScan is a DTGS, or 
Deuterated Triglycine Sulfate detector [47] (Figure 14). Collected spectra of metallic 
objects are available in Appendix B. 
 
Figure 14. Agilent FlexScan 4200 spectrometer [46] 
 
Although atmospheric noise is the largest artifact of SWIR data collection, MWIR and 
LWIR airborne imaging is more sensitive to other types of noise. The largest source of 
error in MWIR/LWIR data is black body radiation, because of the varying thermal energy 
of objects in the scene. Even an object with relatively low temperature of around 300K, 
or room temperature, has a peak radiant power that occurs around 10um [48]. Objects 
that transfer heat effectively, such as metals, often have spectra that taper off as 
wavelength increases.  
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3.2. Wideband Data Acquisition Devices 
In order to send and receive wideband signals, different acquisition devices were utilized. 
In figure 15, the transmitter antenna, receiver antenna, and pulse train generator device 
are shown. In appendix A, the list of different acquisition devices used for wideband 
target detection is presented. 
 
 
 
 
 
 
 
Figure 15. Transmitter antenna (IRA-3Q) [49], receiver antenna (SIRIO SD 3000) [50],  
pulse train generator (USRP N210) [51]. 
 
 
 
3.3. Wideband Signal Generation 
To generate the wideband signal, a Universal Software Radio Peripheral (USRP) model 
N210 designed by Ettus Research, is utilized. The USRP is connected to an RF 
transceiver front-end daughterboard WBX with carrier frequency range of 50 MHz 2.2 
GHz, with a 100mW output (i.e. 20 dBm). The generated WB signals are amplified 
before radiation. USRP-WBX Specifications are provided in Figure 16. Internal parts of 
USRP N210 is illustrated in Figure 17. 
 
 
 
46 
 
 
 
 
 
 
 
 
 
 
Figure 16. USRP N210 with WBX specifications [51] 
 During signal radiation, complex (I/Q) data is streamed from the host computer 
(not shown) to the USRP via a high-speed gigabit ethernet network between host 
computer software and universal hardware drivers (UHD) on FPGA board. The 
interleaved IQ data steam is fed to a four stage interpolator which converts relatively low-
sampled baseband signals up to 100 MS/s (IF-Band for WBX) and then modulated by a 
numerically controlled oscillator (NCO) before being sent to the digital to analog 
converters (Figure 12). On the final stage, the WBX RF daughterboard modulates the up-
sampled modulated baseband signal onto the desired carrier frequency , 𝑓𝑐. The USRP 
N210 DAC’s full range is 1V peak-to-peak on a 50 ohm differential load with 16bit 
digital data input. 
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Figure 17. Schematic of USRP N210 [51] 
To build a wideband signal the frequency modulation is done. As an example, if the 
baseband signal is constructed from two sine waves, each unique tone frequency 𝑓1 and 
𝑓2  respectively, then the modulated final analog signal will be as: 
                                                                                                                                                   (62) 
using product to sum trigonometric identities transforms, the equation (62) can be written 
as: 
                                                                                                                                     (63)                
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Figure 18. Digital up conversion [52] 
Therefore, four unique frequencies relative to the carrier frequency are defined 
)(),(),(),( 2211 ffffffff cccc  . 
By continuing to add more sine-waves (or cosines) each with unique tones, the desired 
signal is built (Figure 19).  
 
 
 
   
 
Figure 19. Wideband signal 
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Both bandwidth and number of tone frequencies are limited by computational power 
of the host computer and software implementation of the baseband signal through digital 
signal processing (DSP) techniques. Figure 20 shows hardware and software chosen to 
build the wideband signal.  
 
 
 
 
 
 
Figure 20. Hardware and software specifications [52] 
To collect significant reflection data from object sin a scene, the WB signal must be 
pulsed which is accomplished by multiplying each sinusoidal baseband signal with a 
square wave, where the frequency of the square wave is the signal’s pulse repetition rate 
(PRR).   
 
3.4. Wideband Radar Modules 
To implement the system software, it is required to define several modules to send, 
receive, and visualize wideband signals. In following sections, the different modules for 
wideband system implemented by LabVIEW software are presented. 
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Figure 21. Schematic of all modules in wideband radar system 
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3.4.1. Playback Module 
 
 
 
 
 
 
 
 
Figure 22. GUI of playback module 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Schematic of playback module 
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3.4.2. Transmit Module 
 
 
 
 
 
 
 
 
Figure 24. GUI of transmit module 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25. Schematic of transmit module 
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3.4.3. Recording Module 
 
 
 
 
 
 
 
 
Figure 26. GUI of transmit module 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27. Schematic of recording module 
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3.4.4. Visualization Module 
 
 
 
 
 
 
 
 
 
Figure 28. GUI of transmit module 
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3.5. Results 
During the experiments, different types of materials are used. Here, metal sheets are 
listed: 
 Stainless steel sheet: It includes 90% Iron, 0.12% max Carbon, 8% Chromium, 
1% max Manganese, 0.04% max Phosphorus, 0.03% max Sulphur, 0.81% max 
Silicon. 
 260 brass sheet: It includes 70% Copper and 30% Zinc. 
 7075-T6 aluminum sheet: It includes 90% Aluminum, 6.1% max Zinc, 1% 
Copper, 0.18% Chromium, 0.5 max Iron, 2.1% Magnesium, 0.3% max 
Manganese 
 ASTM B370 copper sheet: It includes 99% Copper, less than 1 % other materials. 
 
At the beginning of each experiment, the WB signals is radiated toward a target, then 
reflected WB signals are collected. The center frequency of WB signals changes from 
600MHz to 1 GHz. 
 
 
3.5.1. Wavelet-based Target Detection 
After wideband data collection, the tunable wavelet transform is applied to collected 
WB signals. Symlet 16 wavelet is selected as the mother wavelet (Figure 29).  
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Table 1. Calculated wavelet scales for the tunable wavelet corresponding to 
the center frequencies of WB signals 
 
Wavelet Scale Center Frequency (MHz) 
4.5 600 
4.4 610 
4.4 620 
4.3 630 
4.2 640 
4.2 650 
4.1 660 
4 670 
4 680 
3.9 690 
3.9 700 
3.8 710 
3.7 720 
3.7 730 
3.6 740 
3.6 750 
3.5 760 
3.5 770 
3.5 780 
3.4 790 
3.4 800 
3.3 810 
3.3 820 
3.3 830 
3.2 840 
3.2 850 
3.1 860 
3.1 870 
3.1 880 
3 890 
3 900 
2.9 910 
2.9 920 
2.9 930 
2.8 940 
2.8 950 
2.8 960 
2.7 970 
2.7 980 
2.7 990 
2.6 1000 
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Figure 29. Symlet 16 wavelet 
 
Symlet 16 is applied to the collected WB signals. Table 1 shows the calculated scales 
for the tunable wavelet while the center frequencies of the WB signals change during 
experiments. The output of applying Symlet 16 wavelet is considered as the output of the 
WB matched filter. 
The Symlet 16 is used as the mother wavelet because its shape is similar to radiated 
WB signals. As the process of matched filtering acts approximately as autocorrelation, it 
is important the format of mother wavelet is close to the radiated WB signals. 
 
3.5.1.1. Two Objects 
First, it is assumed that objects are unknown. The object 1 is placed in the same 
distance from the transmitter and receiver antenna. The initial distance between IRA-3Q 
and the sheets is 9 feet, and sheets are close to each other (Figure 30). Then, the distance 
between IRA-3Q and the sheets changes to 10 feet. 20 experiments are done at each 
distance. It ought to be noted that target distance is measured from the center of a target 
0 5 10 15 20 25 30 35
-1.5
-1
-0.5
0
0.5
1
Symlet 16
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to the line that connects the transmitter and receiver (i.e. reference line).  The structure 
shown in Figure 30 is used because the wavelet-based target detection can determine the 
distance of objects, not their location (if objects are placed in the same distance from 
antennas, the wavelet-based method is not able to discriminate objects).  
 
 
 
 
 
 
 
 
Figure 30. Location of antennas and objects 
 
In following sections, different metals are selected as a target of interest, then it is 
attempted to detect the target. 
 
3.5.1.1.1. Stainless Steel and Brass as Objects 
In this experiment, the stainless steel sheet is selected as object 1, and the 260 brass sheet 
is selected as the object 2. 
After gathering reflections from the scene, the collected WB data is processed using 
the wavelet-based method. After estimating the presence of objects, the values of return 
loss are calculated at the selected frequencies (600MHz to 1GHz).  
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Metals with high relative conductivity show stronger reflections compared with metals 
with lower 𝜎𝑟. As seen in Figure 31, 32, 33, and 34, brass 260 (𝜎𝑟 =0.35) has stronger 
reflections compared with stainless steel (𝜎𝑟 =0.02). In fact, for higher 𝜎𝑟@ 600MHz-
1GHz, 𝐹𝑅 is higher, then RL is lower. Large outliers have been removed in Figure 32 and 
34.  
Although the MHz frequency range is used, however, when the wavelength of radar 
signals is almost twice the target size (e.g. 600MHz signals has =1.639 feet), a half-
wave resonance effect can produce a significant reflection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31. Calculated RL’s and RL values from the WB signature library for object 1       
(stainless steel) at the center frequencies from 600MHz to 790 MHz 
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Figure 32. Calculated RL’s and RL values from the WB signature library for object 2        
(brass 260) at the center frequencies from 600MHz to 790 MHz 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33. Calculated RL’s and RL values from the WB signature library for object 1       
(stainless steel) at the center frequencies from 800MHz to 1000 MHz 
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Figure 34. Calculated RL’s and RL values from the WB signature library for object 2        
(brass 260) at the center frequencies from 800MHz to 1000 MHz 
 
Eventually, the stainless steel is recognized with the identification rate of ~ 69%. The 
Identification Rate (IR) is defined as follows: 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑖𝑑𝑒𝑛𝑡𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑡𝑎𝑟𝑔𝑒𝑡 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑖𝑛 𝑎𝑙𝑙 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑠 
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑠
          (64) 
 
3.5.1.1.2. Stainless Steel and Aluminum as objects  
In this experiment, the stainless steel sheet is selected as object 1, and the 7075-T6 
aluminum sheet is selected as the object 2.  
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Figure 35. Calculated RL’s and RL values from the WB signature library for object 1       
(stainless steel) at the center frequencies from 600MHz to 790 MHz 
 
 
 
 
 
 
 
 
 
 
 
Figure 36. Calculated RL’s and RL values from the WB signature library for object 2        
(7075-T6 aluminum) at the center frequencies from 600MHz to 790 MHz 
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Figure 37. Calculated RL’s and RL values from the WB signature library for object 1       
(stainless steel) at the center frequencies from 800MHz to 1000 MHz 
 
 
 
 
 
 
 
 
 
 
Figure 38. Calculated RL’s and RL values from the WB signature library for object 2        
(7075-T6 aluminum) at the center frequencies from 800MHz to 1000 MHz 
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Similar to the section 3.5.1.1.1, the collected WB data is processed, and the presence 
of objects is estimated. Then, the values of return loss are calculated at the selected 
frequencies (600MHz to 1GHz). Large outliers have been removed in Figure 36 and 38. 
The stainless steel is recognized with the identification rate of ~ 74%.  
 
3.5.1.1.3. Aluminum and Brass as Objects 
In this experiment, the 7075-T6 aluminum sheet is selected as object 1, and the 260 brass 
sheet is selected as the object 2. 
Again, the collected WB data is processed, and the presence of objects is estimated. 
Then, the values of return loss are calculated at the selected frequencies (600MHz to 
1GHz). However, in this case objects cannot be detected. 
 
 
 
 
 
 
 
 
 
 
Figure 39. Calculated RL’s and RL values from the WB signature library for object 1       
 (7075-T6 aluminum) at the center frequencies from 600MHz to 790 MHz 
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As seen in Figure 39, 40, 41, and 42, both aluminum 7075-T6 (𝜎𝑟 =0.33) and brass 
260 (𝜎𝑟 =0.35) show low RLs, and reflections of aluminum 7075-T6 and brass 260 are 
very similar. In fact, both conductivity and permeability of aluminum 7075-T6 and brass 
260 are similar. Therefore, it is not possible to identify objects based on RLs. 
 
 
 
 
 
 
 
 
 
Figure 40. Calculated RL’s and RL values from the WB signature library for 260 brass sheet 
 
 
 
 
 
 
 
 
 
Figure 41. Calculated RL’s and RL values from the WB signature library for 7075-T6 aluminum 
sheet 
 
 
66 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 42. Calculated RL’s and RL values from the WB signature library for object 2        
(brass 260) at the center frequencies from 800MHz to 1000 MHz 
 
However, if the information about the thickness of materials is available, it is still 
possible to distinguish aluminum 7075-T6 from brass 260 based on their absorption. As 
illustrated in Figure 43, aluminum 7075-T6 shows higher absorption than Brass 260; the 
thickness of aluminum and brass are 0.0635cm, and 0.04064cm respectively. However, 
absorption of aluminum 7075-T6 is lower than that of brass 260, when both sheets have 
the same thickness (Figure 44). 
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Figure 43. Absorption for 7075-T6 aluminum and        
brass 260 at the center frequencies from 600MHz to 1000 MHz 
 
 
 
 
 
 
 
 
 
 
 
Figure 44. Absorption for 7075-T6 aluminum and        
brass 260 with the same thickness (i.e. 0.0635cm) 
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3.5.1.2. Covered Target 
In this experiment, the stainless steel is located behind (i.e. covered by) a fiberboard 
with thickness of 0.0938 inches. The distance between target and radar antenna is about 9 
feet. It is attempted to detect steel and fiberboard. 
In order to discriminate an object from another object in time domain, the distance 
between two objects should be equal or more than a radar pulse width. As the radiated 
signal is in the range of 600MHz to 1GHz, then the pulse width is about 1.67 ns to 1 ns.  
As the thickness of fiberboard is less than pulse width of radiated WB signals, 
therefore it is not possible to discriminate the steel from fiberboard with typical 
narrowband radar. However, using the proposed method it is possible to estimate the 
presence of the stainless steel covered by the fiberboard. 
Figure 45 shows the received WB signals from the stainless steel covered by the 
fiberboard at 27C. In Figure 46 the WB signals received from the bare stainless steel is 
illustrated.  
As you can see from Figure 45 and Figure 46, there is a difference between received 
WB signals from the covered steel and uncovered steel. In fact, the reflection from the 
covered steel is weaker due to two reasons: absorption and, in particular diffuse 
reflection. A part of signal power is absorbed by the cover, and a part of WB signals is 
diffused due to irregular surface of the fiberboard.  
It is assumed that the sheet is unknown. Based on how close the calculated RL data are 
to their respective values in the WB signature library, the type of target can be identified. 
The calculated RL’s those are calculated based on reflections from steel follow the 
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variation of the RL’s for the stainless steel (𝜎𝑟 =0.02) from the wideband signature 
library at selected frequencies (600MHz to 1GHz). 
 
 
 
 
 
 
 
 
 
Figure 45. Frequency spectrum of received wideband signals from covered stainless steel sheet; 
snapshot for the center frequency of 740MHz 
 
 
 
 
 
 
 
 
 
Figure 46. Frequency spectrum of received wideband signals from bare stainless steel sheet; 
snapshot for the center frequency of 740MHz 
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3.5.2. Target Detection Based on Multi-Spectral Wideband Radar Images 
In this section, it is supposed an Iron rod is placed behind a concrete wall. It is tried to 
detect the rod, then identify it. The Iron has conductivity of 0.17. Relative permeability of 
Iron changes by frequency. Relative permeability of Iron is 600@3MHz, 500@10MHz, 
100@100MHz, 50@ 1GHz, and 10@ 1.5 GHz [53]. The wall is placed at 50meters from 
transmitter antenna, and the iron stud is located at 60 meters from the antenna. 
 
 
 
 
 
 
 
 
 
 
 
Figure 47. Wideband radar image of Iron stud behind a concrete wall; the center frequency is 
100MHz, and bandwidth 100MHz 
 
MSWRI is built based on different center frequencies. Based on similarity of the 
calculated RLs corresponding to MSWRI and WB signature library, the target is detected 
and identified. The Iron rod is recognized with the identification rate of ~ 57%. 
Based on results, it is seen that large and flat surfaces, such as walls, provide strong 
reflections at near the line of sight.  
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At low center frequency (i.e. center frequency ~ 100MHz), the wavelength of radiated 
WB signals is more comparable to the size of targets, especially for big targets. 
Therefore, stronger reflections are provided by materials with high conductivity at low 
frequency. 
When Iron rod is replaced by flat Iron sheet, it is seen that reflections become 
stronger. In fact, for very flat metals, such as the flat iron sheet, there is a low possibility 
of passing through such reflectors. 
 
 
 
 
3.5.3. HSI Target Detection 
As mentioned in Chapter 2, for spatial-spectral processing of HSI data, the combination 
of the matched filter, and morphological endmember extraction is utilized.  
Due to lack of access to HSI camera to collect HSI images, the dataset from NASA 
AVIRIS database has been used [54]. The dataset is from Boulder city/Lake mead site. 
The solar elevation and azimuth is 62.08, and 112.95 respectively. The image of one band 
of original dataset is shown in Figure 48. 
The target of interest is the area shown in Figure 48. The original HSI dataset is 
converted to gray scale, and some bands are selected. Then, each band is degraded. For 
example, the band 60 is stretched 5% and its contrast increased up to 90%, or the band 5 
is stretched 2% and its contrast increased up to 70%. Moreover, their edges are smoothed. 
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Figure 48. One band of original dataset from AVIRIS; dataset from  
Boulder city/Lake mead site 
 
After building new multi-spectral dataset, it is attempted to find the area of interest. 
Figure 49 shows two bands from test dataset (i.e. the new multi-spectral dataset).  
In order to evaluate the efficiency of the HSI target detection method, the RMSE is used. 
The comparative metric is based on the reconstruction of the original image by using a 
mixture model. Every pixel 𝑎𝑖 of the original HSI image can be estimated by ?̂?𝑖 as [55]: 
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Figure 49. Two bands from multi-spectral test dataset 
 
where 𝑒𝑘  is the extracted endmember,  B is the number of extracted endmembers, 𝜃𝑖(𝑒𝑘) 
is the estimated fractional abundance of 𝑒𝑘 at pixel 𝑎𝑖 . The original HSI image is defined 
as 𝐼𝑂𝑟𝑔 = (𝑎𝑖)𝑖=1
𝐴  and the reconstructed image is 𝐼𝑅𝑒𝑐 = (?̂?𝑖)𝑖=1
𝐴 . The accuracy is defined 
by RMSE between 𝐼𝑂𝑟𝑔 and 𝐼𝑅𝑒𝑐 as follows: 
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(66) 
 
The RMSE of 0.03 is obtained for the detection method based on the matched filter and 
morphological endmember extraction. Table 2 shows the result of different target 
detection methods. 
 
Table 2. Comparison of HSI target detection algorithms 
Method Pixel Purity Index 
(PPI) [56] 
N-FINDER [57] Method based on 
Matched Filter and 
Morphological 
Endmember 
Extraction 
RMSE 0.048 0.089 0.03 
SAD 0.084 0.085 0.084 
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CHAPTER 4 
CONCLUSION 
In this work, stand-off target detection based on hyperspectral imaging and wideband 
technology was studied.  
Wideband target detection methods were proposed to detect a target and recognize its 
type. Initially, the target detection methods were developed for WMD detection as the 
WB signature library includes materials related to the WMD packing or handling (e.g. 
Beryllium). However, the approach can be extended to other applications of remote 
sensing and target detection. The proposed WB-based methods can reveal information 
about target’s surface and content. 
To improve the initial target detection and to better track variable center 
frequencies―center frequencies of the radiated WB signals change during data 
collection― the collected WB data is processed in the wavelet domain. After estimating 
the presence and location of targets, it is attempted to identify targets based on the WB 
data collected at different center frequencies and different radiated powers.  
By developing concept of return loss, and shielding effectiveness for target detection, 
it is possible to enhance the process of detection and identification of concealed targets 
using the wideband radar based on conductivity, permeability, permittivity, and return 
loss of materials. During the identification process, collected wideband data is evaluated 
with information from wideband signature library which has already been built. In fact, 
several classes (e.g. metal, wood, etc.) and subclasses (ex. metals with high conductivity) 
have been defined based on their electromagnetic characteristics. Materials in a scene are 
then classified based on these classes.  
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To identify specific targets in a sceneit is assumed that background data is already 
available in the scene it is possible to build a comprehensive signature library with 
conductivity, permeability, and permittivity, return loss of materials related to the specific 
targets under different frequencies and environmental conditions (ex. temperature). In 
fact, the reference information which includes reference return loss, conductivity, 
permeability, and permittivity from the signature library is utilized for target detection 
and identification. 
It was seen that the return loss generally depends on the frequency of radiated radar 
signals, and the electromagnetic features conductivity, permeability, permeability of a 
medium as a reflector. 
When the reflectivity of a material increases, its RL decreases (i.e. 𝐹𝑅 ↑ and RL ↓). 
During WB data collection, the radiated power from transmitter antenna gradually 
increases to better discriminate targets. In fact, targets with low reflectivity cannot be 
detected at low radiated powers. In other words, dielectric materials with 𝜎 ≈ 0 will be 
better sensed at high power radiated signals. 
Moreover, the center frequency of WB signals gradually changes during WB data 
collection to better discriminate targets. As the frequency increases, the relative 
permeability drops. Therefore, a significant change will be seen in reflectivity of 
materials with high conductivity and high relative permeability. As an example, relative 
permeability for Iron (𝜎𝑟 = 0.17) equals 600@3MHz, 500@10MHz, and 50@ 1GHz. 
Compared with Copper (𝜎𝑟 = 1, 𝜇𝑟 = 1) , the reflectivity of Iron significantly increases 
at GHz frequency range. But, reflectivity of Copper does not significantly change in the 
frequency range from MHz to GHz. 
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 Furthermore, the relative permittivity of most materials decreases with increasing 
frequency (MHz to GHz), and reflectivity of materials, in particular dielectric materials, 
changes. As an example, a fiberboard ( 𝜇𝑟 ≈ 1) with the moisture content (MC) of 8% 
has the resistivitythat is the inverse of conductivity of 3 × 105, and its relative 
permittivity decreases with increasing frequency. A fiberboard with the moisture content 
of 0% (i.e. oven-dried fiberboard) has the resistivity of 1016 and 𝜀𝑟 = 1 (Figure 50). The 
relative permittivity of fiberboard with the MC of 8% decreases while the frequency 
increases [58]. 
The conductivity is the intrinsic property of a material. For materials with conductivity 
of nonzero (e.g. metals), changing conductivity leads to a change in reflectivity. For 
example, at the frequency range of GHz, metals with high conductivity show stronger 
reflections compared with metals with low conductivity; relative permeability of most 
metals is similar at frequency range above 1 GHz (i.e. 𝜇𝑟 ≈ 1), and 𝜇𝑟 does not affect 
their reflectivity. Thus, conductivity plays an important role. 
It ought to be noted the angle of incidence with a target surface, and polarization of 
radar signals affect reflections from materials in a scene. 
To detect and identify targets, several techniques have been proposed, in particular the 
multi-spectral wideband radar image (MSWRI) which is able to localize and identify 
concealed targets.  
Environmental conditions, thermal noise, electromagnetic interference from other RF 
sources such as cellphone signals have a negative impact on target recognition. But, these 
are common problems for all target detection methods. However, by appropriately setting 
parameters of radiated signals, and building a comprehensive signature library including 
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reference information under different frequencies and environmental conditions (e.g. 
temperature), it is possible to identify the type of targets from a distance. 
 
 
 
 
 
 
 
 
 
 
Figure 50. Relative permittivity of fiberboards with different moisture content 
 
Detecting shielded fissile materials using conventional methods (e.g. Gamma or 
neutron detection) is very difficult. For example, Gamma detectors cannot detect WMD 
shielded by Lead. However, it is possible to detect the shield (i.e. lead) using the 
proposed wideband target detection methods, and estimate the type of materials behind 
the shield. 
For stand-off target detection in real-world, an efficient approach for a target 
detection system is a hybrid method composed of hyperspectral sensors, radars, and local 
sensors. Moreover, operations in the hybrid method can be parallelized to speed up the 
process and bring the performance close to real-time. 
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4.1. Future Direction 
In future, wideband data and HSI images can be simultaneously collected at short range 
(i.e. less than 200 meters) in a controlled set-up so that the images have high spatial 
resolution to increase the homogeneity of pixels, and a fairly constant and controlled 
source of light. Since HSI images are collected, it is possible to examine the effects of 
atmospheric noise, pixel unmixing, and changes in light across the scene, by isolating 
each of these noise sources and removing from the data individually. Moreover, the 
collected data from the scene is processed based HSI data, and possible targets are 
estimated. Then, the estimated target is analyzed based on wideband radar data. 
To improve the speed of computation, especially when a large amount of HSI images 
and wideband data have been collected, the target detection method can be parallelized. 
Both HSI and WB signature libraries can be extended during more experiments to 
improve the process of the target detection by adding the variation of parameters of the 
libraries under different experimental conditions. 
In addition, the clinical assessment and safety issues of the target detection methods 
can be studied. 
As mentioned before, the target detection methods were initially developed for 
WMD detection. In this case, the impact of radioactive radiation on the frequency content 
of reflected WB signals can be evaluated. 
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APPENDIX A 
WIDEBAND DATA ACQUISITION DEVICES 
 
Table 3. Wideband system specification 
Equipment Description Company 
Antenna Model Number Quad-Ridged Horn Antenna 
3164-08 700 MHz - 10 GHz ETS - LINDGREN 
USRP USRP N200/N210 
USRP N200 
and 
USRP N210 
Dual 100 MS/s, 14 bit ADC 
Dual 400 MS/s, 16 bit DAC 
 
Frequency Ref (w/o GPS 
timing) 
2.5 ppm TCXO 
 
Real-time BW (Full Duplex) 
50 MS/s (8 bit Data) 
25 MS/s (16 -bit Data) 
 
5 dB Rx Noise Figure 
Power Output: 15 dBm 
Ettus Research 
 
The only difference 
between N210 and 
N200 are the FPGA 
boards. 
N210: Spartan 3A-
DSP 3400 
N200: Spartan 3A-
DSP 1800 
 
WBX daughterboard 50 MHz - 2.2 GHz Tx/Rx Ettus Research 
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Equipment Description Company 
capabilities 
MIMO Cable 
Required to synchronize two 
USRPs Together 
Ettus Research 
USRP GPS Precision 
modules 
Time Distribution System 
OctoClock-G with GPSDO 
50ns precision timing 
when locked to GPS signal 
0.01 ppm 
8-way timing distribution 
system 
 
Ettus Research 
3 GPS Ant Models 5V active GPS compatible Antenna for OctoClock 
AT575-59S-SMAF-000-05-
36-MD 
5V active GPS compatible 
Antenna for OctoClock 
 
 
 
 
 
Aero Antenna 
 
AT575-29 
AT575-59S-SMAF-000-05-
36-MD 
3dB Hybrid Models 180 hybrid 3 dB Coupler 
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Equipment Description Company 
2031-6330 
Frequency Range: 
500 MHz - 1 GHz 
Isolation: 25 dB 
30 CW / 3 kW-pk 
Omni-Spectra 
Dual Directional Model Dual Directional Couplers 
HP 778D 
20 dB coupling 
greater than 36 dB 
directionality 
50 CW / 500 W-pk 
HP/Agilent 
Attenuator models (100 
CW) 
High Power Fixed Attenuator (male connector is 
input) 
100-A-FFN-30 dB 
30 dB 100 Watt Attenuator 
Frequency Range: 
DC-2.4 GHz 
BIRD 
Power Amplifier Model High Power RF Amp 
SSPA 0.020-1.000-100 
100 Watt Solid State Amplifier 
Frequency Range: 
20 MHz - 1 GHz 
58 dB Gain 
Aethercomm 
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Equipment Description Company 
3 Power Combiners Power Combiner 
(X2) ZFSC-2-2500 
1 W Power Handling 
10 MHz - 2.5 GHz 
0.4 dB Insertion Loss 
Mini-circuits 
YL-70 
1 CW / 1 kW-pk  Power 
Handling 
500 MHz - 2 GHz 
KDI/Triangle 
Corporation 
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APPENDIX B 
ELECTROMAGNETIC CHARACTERISTICS OF SOME METALS INCLUDED 
IN THE WIDEBAND SIGNATURE LIBRARY 
 
Table 4. Relative conductivity, permeability, relative reflection of some metals [59] 
Metal Relative 
Conductivity 
σr 
Relative 
Permeability  
μr (≤50KHz) 
Relative 
Reflection 
RdB 
Silver 1.064 1 +0.3 dB 
Copper (Solid) 1.00 1 0 
Copper (Flame Spray) 0.10 1 -10.0 
Gold 0.70 1 -1.1 
Chromium 0.664 1 -1.8 
Aluminum (Soft) 0.63 1 -2.1 
Aluminum (Tempered) 0.40 1 -4.0 
Aluminum (Household Foil, 1 mil) 0.53 1 -2.8 
Aluminum (Household Foil, lmil) 0.61 1 -2.1 
Aluminum (Flame Spray) 0.036 1 -14.4 
Brass (91% Cu, 9% Zn) 0.47 1 -3.3 
Brass (66% Cu, 34% Zn) 0.35 1 -5.7 
Magnesium 0.38 1 -4.3 
Zinc 0.305 1 -4.9 
Tungsten 0.314 1 -5.0 
Beryllium 0.33 1 -5.5 
Cadmium 0.232 1 -6.3 
Platinum 0.17 1 -7.6 
Tin 0.151 1 -8.2 
Tantalum 0.12 1 -9.6 
Lead 0.079 1 -11.0 
Monel (67 Ni, 30 Cu, 2 Fe, 1 Mn) 0.041 1 -13.9 
Manganese 0.039 1 -14.1 
Titanium 0.036 1 -14.4 
Mercury (Liquid) 0.018 1 -17.4 
Nichrome (65 Ni, 12 Cr , 23 Fe) 0.0012 1 -29.2 
Supermalloy 0.023 100,000 -65.4 
78 Permalloy 0.108 8,000 -48.7 
Purified Iron 0.17 5,000 -44.7 
Conetic AA 0.031 20,000 -58.8 
4-79 Permalloy 0.0314 20,000 -58.0 
Mumetal 0.0289 20,000 -58.4 
Permendur (50 Cu, 1- 2V, & Fe) 0.247 800 -35.1 
Hypernick 0.0345 4,500 -51.1 
45 Permalloy (1200 Anneal) 0.0384 4,000 -50.2 
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45 Permalloy (1050 Anneal) 0.0384 2,500 -48.1 
Hot-Rolled Silicon Steel 0.0384 1,500 -45.9 
Sinimax 0.0192 3,000 -51.9 
4% Silicon Iron (Grain Oriented) 0.037 1,500 -46.1 
4% Silicon Iron 0.029 500 -42.4 
16 Alfenol 0.0113 4,500 -56.0 
Hiperco 0.069 650 -39.7 
Monimax 0.0216 2,000 -49.7 
50% Nickel Iron 0.0384 1,000 -44.2 
45-25 Perminvar 0.091 400 -36.4 
Commercial Iron (0.2% Impure) 0.17 200 -30.7 
Cold-Rolled Steel 0.17 180 -30.2 
Nickel 0.23 100 -26.6 
Stainless Steel (1Cu, l8Cr, 8Ni, & 
Fe) 
0.02 200 -40.0 
Rhometal (36 Ni) 0.019 1,000 -47.2 
Netic 53-6 0.172 300 -32.4 
Steel (SAE 1045) 0.10 1000 - 
Lead 0.08 1 - 
Monel 0.04 1 - 
Stainless steel (430) 0.02 500 - 
 
Table 5. Weight per unit area per unit thickness of some metals [59] 
Metal oz/ft2/mil gram/m2/μm Relative σr Relative μr 
Copper 0.740 8.89 1 1 
Monel 0.732 8.79 0.041 1 
Brass 0.705 8.47 0.47 1 
Steel 0.649 7.79 0.02 1 
S3 Netic 0.642 7.71 0.172 1 
Titanium 0.375 4.50 0.036 1 
Aluminum 0.225 2.70 0.63 1 
Magnesium 0.143 1.71 0.38 1 
 
Table 6. Skin depth of copper, aluminum, steel [59] 
Frequency δ For Copper  
(in.) 
δ For Aluminum 
(in.) 
δ For Steel  
(in.) 
60 Hz 0.335 0.429 0.034 
100 Hz 0.260 0.333 0.026 
1kHz 0.082 0.105 0.008 
10kHz 0.026 0.033 0.003 
100kHz 0.008 0.011 0.0008 
1MHz 0.003 0.003 0.0003 
10MHz 0.0008 0.001 0.00008 
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APPENDIX C 
COLLECTED SPECTRAL SIGNATURE 
 
VNIR-SWIR spectral data has been obtained in collaboration with NSTec. 
 
Spectral Range: VNIR-SWIR  
Instrument: ASD S/N 16232  
Collection Date: 4/28/14  
Measurement Location: Spencer  
 
 
 
 
Figure 51. Aluminum, steel, and copper plate 
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Figure 52. Brass and lead plate 
 
 
 
 
Figure 53. Steel, copper, brass 
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Figure 54. Aluminum foil, aluminum plate 
 
 
 
Figure 55. Wallboard, calcite, cardboard, wood 
 
 
 
 
89 
 
 
Figure 56. Duct tape, carbon fiber, inner tube, kydex thermoplastic 
 
 
 
 
Figure 57. Orange garbage bag, blue tarp, polypropylene, silica sand, gypsum sand 
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Figure 58. Concrete, bentonite, granite, volcanic rock, asphalt 
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MWIR-LWIR spectral data has been collected in collaboration with NSTec. 
Spectral Range: MWIR-LWIR  
Instrument: Flexscan S/N 091000010A  
Collection Date: 4/28/14  
Measurement Location: Spencer  
Background Reference: Gold  
Apodization: Triangular  
Resolution: 4  
Number of Scans: 32 
 
The spectra from the scuffed lead plate in the previous section has not been obtained. The 
reflectance was too high for the Flexscan to measure, despite repeated calibration. 
 
 
 
Figure 59. Aluminum, non-galvanized steel, and copper plate 
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Figure 60. Galvanized steel, brass, and lead plate 
 
 
Figure 61. Steel, copper, brass 
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Figure 62. Aluminum foil, aluminum plate 
 
 
 
Figure 63. Wallboard, calcite, cardboard, wood 
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Figure 64. Duct tape, carbon fiber, inner tube, polypropylene 
 
 
 
Figure 65. Orange garbage bag, blue tarp, silica sand, gypsum sand 
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Figure 66. Concrete, bentonite, granite, volcanic rock, asphalt 
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APPENDIX D 
SPECTRAL SIGNATURE FORM USGS AND ASTER 
 
 
 
Part 1: 
1. Aluminum 
2. Black gloss paint  1 coat on aluminum 
3. Black gloss paint  2 coat on aluminum 
4. Black gloss paint  1 coat on pine 
5. Black gloss paint  2 coat on pine 
6. Copper extremely weathered 
7. Copper, slightly weathered 
8. Copper, ten years weathered 
9. Galvanized steel metal 
10. Olive green gloss paint 1 coat aluminum  
11. Olive green gloss paint 2 coat aluminum  
12. Olive green gloss paint 1 coat pine  
13. Olive green gloss paint 2 coat pine  
14. Oxidized galvanized steel metal 
15. Pine wood bare weathered 
16. Pine wood sanded and buffed 
17. White weathered construction marble 
 
 
It ought to be noted the following HSI data have been collected from USGS database 
(http://speclab.cr.usgs.gov/spectral.lib06/) and ASTER database 
(http://speclib.jpl.nasa.gov/). 
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Maximum value reflectance of 0.9580 at 11.9000um 
Minimum value reflectance of 0.2927 at 0.3020um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Bare aluminum metal that is weathered and scratched/scored. From 
electronics, roofings, switch covers.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Black gloss paint 1 coat on aluminum 0402UUUPNT 
Maximum value reflectance of 0.1102 at 13.9000um 
Minimum value reflectance of 0.0264 at 5.7000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: A single, slightly translucent coat of alkyd gloss  
paint on an aluminum surface. Painted surface was smooth and  
glossy. Black gloss paint is from the Great Life series, by Martin Senour Paints. The paint 
is non-photochemically reactive.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Black gloss paint 1 coat on pine wood 0405UUUPNT 
Maximum value reflectance of 0.0641 at 9.4000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: A smooth, slightly translucent coat of alkyd gloss paint  
on construction lumber (pine). Compare with sample 0402uuu.doc and note cellulose 
spectral features in SWIR and MWIR. Black gloss paint is from the Great Life series by 
Martin Senour Paints.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Black gloss paint 2 coat on aluminum 0403UUUPNT 
Maximum value reflectance of 0.0674 at 9.4000um 
Minimum value reflectance of 0.0257 at 5.7000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Two smooth coats of slightly translucent alkyd gloss paint on an aluminum 
surface. Black gloss paint is from the Great Life series by Martin Senour Paints. The 
paint is non- photochemically reactive.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Black gloss paint 2 coat on pine wood 0406UUUPNT 
Maximum value reflectance of 0.0656 at 9.4000um 
Minimum value reflectance of 0.0241 at 0.4220um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Two smooth, slightly translucent coats of alkyd gloss paint on construction 
lumber (pine wood). Black paint from the Great Life series by Martin Senour Paints.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Copper extremely weathered bare 0692UUUCOP 
Maximum value reflectance of 0.4074000 at 0.5380000um 
Minimum value reflectance of 0.0046470 at 8.7000000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Extremely weathered bare copper metal from government building roof 
flashing.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Copper slightly weathered bare 0681UUUCOP 
Maximum value reflectance of 0.1708000 at 0.6220000um 
Minimum value reflectance of 0.0246980 at 8.7000000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Slightly weathered bare copper metal from government building roof 
flashing.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Copper ten year old weathered and bare 0682UUUCOP 
Maximum value reflectance of 0.9971350 at 12.5000000um 
Minimum value reflectance of 0.0628000 at 0.4160000um 
 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Ten year old copper metal from building roof flashing. Sample was 
weathered and bare.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Galvanized Steel Metal 0525UUUSTLa 
Maximum value reflectance of 0.1720000 at 1.3800000um 
Minimum value reflectance of 0.0201000 at 0.3020000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Weathered, galvanized steel from roof and vent covers.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Galvanized Steel Metal 0525UUUSTLb 
Maximum value reflectance of 0.5772000 at 2.1400000um 
Minimum value reflectance of 0.1751420 at 2.9800000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Galvanized steel from roof and vent covers. Sample was weathered.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Olive green alkyd gloss paint 0385UUUPNT 
Maximum value reflectance of 0.6942 at 2.2000um 
Minimum value reflectance of 0.0283 at 12.5000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: A single coat of olive green alkyd gloss paint, on an  
aluminum surface. The paint is non-photochemically reactive. From the Great Life series 
by Martin Senour Paints.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Olive green gloss paint 1 coat on pine wood 0407UUUPNT 
Maximum value reflectance of 0.8611 at 1.3000um 
Minimum value reflectance of 0.0257 at 12.4000um 
reflectance at 6.3000um, 0.0551 reflectance at 6.6000um, 0.0472 reflectance at 
6.8000um, 0.0420  
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: A smooth, slightly translucent coat of alkyd gloss paint on construction 
lumber (pine wood). Note cellulose spectral features.  
Olive green paint is from the Great Life series by Martin Senour Paints.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Olive green alkyd gloss paint 0386UUUPNT 
Maximum value reflectance of 0.6558 at 1.3200um 
Minimum value reflectance of 0.0340 at 7.7000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Two coats of olive green alkyd gloss paint on an  
aluminum surface. The paint is non-photochemically reactive. From the Great Life series 
by Martin Senour Paints.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Olive green gloss paint 2 coat on pine wood 0408UUUPNT 
Maximum value reflectance of 0.8252 at 1.3000um 
Minimum value reflectance of 0.0268 at 12.4000um 
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Oxidized Galvanized Steel Metal 0526UUUSTLa 
Maximum value reflectance of 0.4127020 at 8.0000000um 
Minimum value reflectance of 0.0707620 at 6.6000000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Weathered, galvanized bare steel from roof and vent covers. Sample was 
completely oxidized.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
 
 
112 
 
 
Pine wood bare and weathered 0404UUUWOD 
Maximum value reflectance of 0.9231 at 0.8800um 
Minimum value reflectance of 0.0227 at 8.9000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: General construction pine wood lumber. Sample was bare and weathered.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Pine wood sanded and buffed 0410UUUWOD 
Maximum value reflectance of 0.8795 at 0.8800um 
Minimum value reflectance of 0.0250 at 8.5000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Bare pine wood construction lumber. Wood surface was sanded and buffed.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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White weathered construction marble 0722UUUMBL 
Maximum value reflectance of 0.8734 at 1.3000um 
Minimum value reflectance of 0.0127 at 6.0000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: White weathered construction marble. Sample was  
beach sidewalk from Greece (Naxos).  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Part 2: 
1. Asphalt roof  
2. Black plastic 
3. Black road asphalt 
4. Brick tan paving  
5. Brick dark brown gray paving  
6. Brick red paving  
7. Brick dark red building 
8. Brick medium red building 
9. Brick large gray building 
10. Brick dark gray building 
11. Strand board  
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New (never remelted) black roofing asphalt. Solidified chunk. 
The spectrum of this sample has a broad (500nm FWHM) absorption centered at 0.847 
microns. The overall reflectance level is around 0.27%. Muted absorptions at 1.7 and 2.3 
microns are probably C-H related. 
Av_Rs_Pwr 200 
U.S. Geological Survey, Denver Spectroscopy Lab 
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Black LDPE plastic film container lid 
Spectrum slopes downward toward longer wavelengths with a broad muted absorption 
around 0.6 microns. C-H absorptions are present at 1.7 and 2.3 microns with overall 
reflectance levels between 0.09 to 1.7% 
Spectral Purity of 20-150 microns 
Av_Rs_Pwr 200 
USGS Denver Spectroscopy Lab 
 
 
 
 
 
 
 
 
 
118 
 
 
Road Asphalt 
Weathered surface of a chunk of black road asphalt. Gravel is composed of quartz and 
feldspars. Surface color of asphalt is lighter than interior of sample. 
Spectrum taken on weathered surface. Spectrum curves upward to higher reflectance at 
longer wavelengths. There are weak absorptions at 1.41, 1.73, 2.20, 2.31, and 2.35 
microns. The absorption at 2.20 microns is probably due to trace amounts of kaolinite or 
another clay or mica. Bands at 1.73, 2.31, and 2.35 are probably C-H related absorptions.  
Maximum reflectance of 2.25% at 2100nm 
Av_Rs_Pwr 200 
USGS Denver Spectroscopy Lab 
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Maximum reflectance of 0.185 at 1700nm-1850nm 
Steep increase from 0.05 reflectance at 400nm to reflectance of 0.175 at 750nm. 
Av_Rs_Pwr 200 
USGS Denver Spectroscopy Lab 
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Maximum reflectance of 0.14 at 750nm. 
Av_Rs_Pwr 200 
USGS Denver Spectroscopy Lab 
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Maximum reflectance of 0.20 at 1600nm. Slight decrease until 1850nm. 
Av_Rs_Pwr 200 
USGS Denver Spectroscopy Lab 
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Av_Rs_Pwr 200 
USGS Denver Spectroscopy Lab 
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Steep increase from reflectance of 0.09 at 450nm to reflectance of 0.28 at 1850nm. 
Av_Rs_Pwr 200 
USGS Denver Spectroscopy Lab 
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Maximum reflectance of 0.26 at 1750nm. 
Av_Rs_Pwr 200 
USGS Denver Spectroscopy Lab 
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Maximum reflectance of 0.084 at 800nm. 
Av_Rs_Pwr 200 
USGS Denver Spectroscopy Lab 
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Maximum reflectance of 0.425 at 1300nm 
Av_Rs_Pwr 200 
USGS Denver Spectroscopy Lab 
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Part 3: 
1. Burlap fabric  
2. Cedar shake fresh 
3. Cedar shake high weathered  
4. Cedar shake medium weathered 
5. Cedar shake slightly weathered  
6. Cedar shake weathered with moss  
7. Cinder block large grey  
8. Concrete grey road  
9. Concrete 
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Maximum reflectance of 0.625688 at 1120nm. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Maximum Reflectance of 0.641911 at 1104nm 
 
 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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High Weathered Shake 
Residential roof in Littleton, Colorado 
 
Cedar shake from residential roof, collected in Littleton, Colorado. Shake was exposed to 
the weather on a roof for about 15 years. Spectrum was measured on the weathered 
surface of the shake. The spectrum ramps upward nearly monotonically out to 1.4 
microns. This ramp is slightly concave with an broad absorption centered at 0.6832 
microns. Past 1.4 microns the spectrum has a number of spectral absorptions due to 
water, cellulose, and lignin. There is a strong asymmetric absorption at 1.4550 microns. 
A broad complex of absorptions centered at 1.75 microns is probably C-H overtone 
related. There are other absorptions at 1.92, 2.0975, 2.2703, and 2.3379 microns. 
Spectrum was measured on the weathered surface of the shake. 
Maximum reflectance of 0.433602 at 1862nm. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Maximum reflectance of 0.488021 at 1316nm. 
Cedar shake from residential roof, collected in Lakewood, Colorado. Shake was exposed 
to the weather on a roof for about 5 years. 
Spectrum was measured on the weathered surface of the shake. The spectrum ramps 
upward with a large concave absorption centered at 0.5148 microns. Past 1.1 microns the 
spectrum has a number of spectral absorptions due to water, cellulose, and lignin. There 
is a strong asymmetric absorption at 1.4502 microns. A broad complex of absorptions 
centered at 1.74 microns is probably C-H overtone related. There are other absorptions at 
1.9195, 2.0991, 2.2694, 2.3345, and 2.3838 microns.  
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Maximum reflectance of 0.596379 at 1111nm and 0.588663 at 1308nm. 
 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Maximum reflectance of 0.361031 at 1860nm. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Maximum reflectance of 0.367007 at 688nm. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Maximum reflectance of 0.351883 at 1844.5nm 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Cement + Gypsum 
. 
The spectrum is dominated by gypsum absorption features at 1.45, 1.75, 1.94, 2.21, and 
2.27 microns. Spectrum labeled WTC01-37Ac is of the sample exterior. 
Fifty meters west of the debris pile created from collapse of the World Trade Center 
tower 1 on September 18th, 2001. 
USGS Denver Sample Archive Bld. 20 Denver Federal Center 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Part 4: 
1. White cotton 
2. Nylon coated black 
3. Polyester pile black 
4. Terrycloth yellow 
5. Rust 
6. Iorn hydride 
7. Clear fiber glass roofing 
8. Green fiberglass roofing 
9. White fiberglass roofing 
10. Pink fiberglass insulation 
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Cotton fabric  
Maximum reflectance of 0.644331 at 441nm. 
Minimum reflectance of 0.203245 at 363nm. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
 
 
139 
 
 
Secondary Fe-minerals coating a rock 
Maximum reflectance of 0.214860 at 765.5nm. 
Minimum reflectance of 0.022615 at 301.1nm. 
Sample was collected from the Alamosa River downstream from the Summitville mine 
about 1 year after a catastrophic release of metal-rich mine waste water from the mine. 
Collected about 15 kilometers downstream from the Mine. Sample is of secondary Fe-
minerals coating a river cobble. 
Spectrum shows a strong absorption edge in the visible with a weak absorption at 0.9637 
microns.  
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Fiberglass green roofing 
Maximum reflectance of 0.433758 at 1004nm. 
Minimum reflectance of 0.015008 at 2473nm. 
Sample is of newly purchased translucent corrugated green fiberglass roofing material 
typically used in green house construction. Sample is 0.8 mm thick. 
A spectrum was collected of the top surface of this sample. The spectrum is flat at about 
43% reflectance at 1.0 microns with a strong reflectance peak at 0.5 microns giving the 
sample its green color. There are also moderately strong absorptions at 1.1429, 1.2083, 
and 1.4277 microns and strong absorptions at 1.6787, 2.1435, 2.1660, 2.1881, 2.2952, 
2.2604, and 2.3524 microns. The absorptions at 1.6787 and in the 2.3 micron region are 
C-H related.  
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
 
 
 
 
141 
 
 
Pink Fiberglass Insulation 
Reflectance in range of  0.47 from approximately 700nm to 2500nm. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Clear fiberglass roofing  
Reflectance of in range of 0.42 from approximately 478nm to 1112nm. 
Minimum reflectance of 0.010137 at 2466nm. 
Sample is of corrugated clear fiberglass roofing material typically used in green house 
construction. 
The spectrum is flat at about 42% reflectance from 0.43 to 1.1 microns with moderately 
strong absorptions at 1.143 and 1.428 microns and strong absorptions at 1.678, 2.142, 
2.263, and 2.352 microns. The absorptions at 1.678 and in the 2.3 micron region are C-H 
related. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Green fiberglass roofing  
Maximum reflectance of0.376691 at 1309nm. 
Minimum reflectance of 0.007240 at 2467nm. 
Green fiberglass roofing Purchased new and unweathered from a local hardware store. 
Sample is 1 mm thick and consists of corrugated green transparent fiberglass roofing. 
Spectrum has a large green peak at 0.504 microns, and absorptions at 1.14, 1.43, 1.68, 
1.91, 2.14, and 2.16 microns. Spectrum is saturated past 2.26 microns. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Fiberglass white roofing 
Maximum reflectance of 0.841776 at 535nm.  
Minimum reflectance of  
Sample is of newly purchased corrugated white fiberglass roofing material typically used 
in green house construction. Sample thickness is 1.0 mm.  
Spectrum was collected of the top surface of this sample. The spectrum slopes down 
toward longer wavelengths from a high of 84% reflectance at 0.55 microns. There are 
also moderately strong absorptions at 1.1429, 1.2082, and 1.4278 microns and strong 
absorptions at 1.6781, 1.9054, 1.9482, 2.1429, 2.1671, 2.2662, 2.2978, 2.3524, and 
2.3524 microns. The absorptions at 1.6781 and in the 2.3 micron region are C-H related.  
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Maximum reflectance of 0.633868 at 1654.5nm. 
This sample is one of a series of ferrihydrite samples made by Dave Sherman for the 
following paper:  
Sherman, D.M., R.G. Burns, and V.M. Burns, 1982, Spectral characteristics of the iron 
oxides with application to the Martian bright region mineralogy. Journal of Geophysical 
Research, v. 87, n. B12, pp. 10169- 10180. (F6 is Dave Sherman's number)  
the sample is x-ray amorphous - G. Swayze and Ken Esposito.  
40 kV - 30mA, 7.3-9.5 kev  
File: fehyd75.mdi (smear mount on quartz plate)  
References: JCPDS #29-712  
Found: Amorphous to CuKalpha X-radiation  
 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Nylon black coated fabric 
Maximum reflectance of 0.640185 at 1330nm. 
Minimum reflectance of 0.129580 at 623nm. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Fabric polyester pile carpet 
Maximum reflectance of 0.749220 at 1081nm. 
Minimum reflectance of 0.011154 at 589nm. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Yellow Terrycloth 
Maximum reflectance of 0.617239 at 1109nm. 
Minimum reflectance of 0.117375 at 365nm. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr  200 
Wave Range 0.2-3.0µm 
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Part 5: 
1. Black plastic drain pipe 
2. Black plastic pipe 
3. Blue plastic pipe 
4. Blue polystyrene insulation 
5. Neodymium oxide 
6. Nylon webbing olive drab 
7. Nylon webbing yellow 
8. Painted aluminum 
9. Paper cotton bond  
10. Particle board fine grain 
11. Plastic PVC white 
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Black Plastic Drain Pipe 
 
Black corrugated drainage pipe with walls 2 mm thick and about 12 cm in diameter. 
Spectrum slopes down toward longer wavelengths with a sharp upturn toward shorter 
wavelengths from 0.5 to 0.35 microns and beyond. Black pigment mutes almost all other 
spectral features except for a 2.31 micron absorption which is likely due to C-H. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Black Plastic Pipe 
Maximum value reflectance of 0.026718 at 0.351000um 
Minimum value reflectance of 0.014626 at 2.411000um 
Black ABS piping used in building construction with 4 mm thick walls. Cresline COEX. 
Black pigment causes the spectrum to slope down toward longer wavelengths muting all 
absorption bands. Overall reflectance varies between 1.5 and 3%. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Blue Plastic Pipe 
Maximum value reflectance of 0.671364 at 0.975000um 
Minimum value reflectance of 0.024864 at 2.309000um 
Blue plastic water main pipe fragment 1.9 cm thick. Type typically used in new 
construction of housing projects in the USA. 
The spectrum has a broad peak at 0.499 microns and notable absorption doublet at 0.676 
microns probably due to the light blue pigment. There are other absorptions at 1.20 and 
1.42 microns. Absorptions at 1.7 and 2.3 microns are C-H related. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Blue Polystyrene Insulation 
Maximum value reflectance of 0.840498 at 0.972000um 
Minimum value reflectance of 0.317159 at 2.473000um 
Light blue polystyrene insulation 2.5 centimeters thick and of the type typically used in 
house construction in the USA. High density. 
The spectrum has a reflectance peak at 0.476 microns and complex absorption doublet at 
0.713 microns probably due to the light blue pigment. The absorptions at 1.7 and 2.3 
microns are probably C-H related. Other absorptions occur at 1.14, 1.21,and 2.17 
microns. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Neodymium_Oxide 
Spex Standard 84.3% Nd Lot No. 02831R 
Maximum value reflectance of 0.955300 at 1.123500um 
Minimum value reflectance of 0.042666 at 2.784000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Nylon Webbing Olivedrab 
Maximum value reflectance of 0.736001 at 1.121000um 
Minimum value reflectance of 0.035315 at 0.450000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Nylon Webbing Floor Yellow  
Maximum value reflectance of 0.931854 at 0.518000um 
Minimum value reflectance of 0.079745 at 0.445000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Painted Aluminum 
Maximum value reflectance of 0.527043 at 0.576000um 
Minimum value reflectance of 0.034023 at 0.351000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Paper Cotton Bond 
Maximum value reflectance of 0.840664 at 0.520000um 
Minimum value reflectance of 0.137103 at 0.351000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Particle Board Fine Grained 
Maximum value reflectance of 0.699081 at 1.113000um 
Minimum value reflectance of 0.045707 at 0.351000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic PVC White 
Maximum value reflectance of 0.708384 at 0.773000um 
Minimum value reflectance of 0.036412 at 2.310000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Part 6: 
1. Clear plastic film 
2. Plastic vinyl clear 0.4mm 
3. Plastic grey bag 
4. Plastic HDPE large grey translucent 
5. Plastic HDPE transparent 
6. Plastic HDPE white opaque 
7. Plastic HDPE white translucent 
8. Plastic HDPE white translucent 
9. Plastic HDPE white translucent 
10. Plastic HDPE white transparent 
11. Plastic HDPE yellow opaque 
12. Plastic LDPE white translucent 
13. Plastic LDPE white translucent 
14. Plastic LDPE clear film 
15. Plastic PETE black 
16. Plastic PETE clear bluish 
17. Plastic PETE clear purpleish 
18. Plastic PETE clear 
19. Plastic tyvek white 
20. Plastic vinyl clear 1mm 
21. Plastic vinyl clear 1mm 
22. Plastic vinyl red toy 
23. Plastic visqueen clear 
24. Plastic vinyl white 
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Clear Plastic Film 
Maximum value reflectance of 0.466011 at 0.351000um 
Minimum value reflectance of 0.219179 at 2.311000um 
Clear LDPE plastic film Sample was cut from a plastic bag. Sample is 0.2 mm thick. 
Spectrum is relatively flat out to 2.2 microns with a reflectance level near 45% except for 
notable absorptions near 1.2, 1.4, 1.7 and 2.3 microns. Absorptions at 1.7 and 2.3 microns 
are C-H related. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic Grey Bag 
Maximum value reflectance of 0.419757 at 0.596000um 
Minimum value reflectance of 0.102150 at 0.351000umMimimum difference of 
0.000010. 
Sample is of a light gray HDPE plastic grocery bag with a thickness of 0.1 mm. 
The gray HDPE plastic bag spectrum has a relatively shallow concave shape with an 
average reflectance of about 41%. Weak absorptions occur at 1.3933 and 1.4186 microns. 
There are C-H stretch absorptions at 1.7302, 1.7653, and 1.8227 microns. There are also 
C-H combination bands at 2.3109, 2.3505 microns and and a broad complex of bands 
centered around 2.415 microns. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
 
 
164 
 
 
Plastic HDPE Large Grey Translucent 
Maximum value reflectance of 0.419693 at 2.193000um 
Minimum value reflectance of 0.106834 at 0.351000um. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic HDPE Transparent 
Maximum value reflectance of 0.456525 at 2.122000um 
Minimum value reflectance of 0.373660 at 2.312000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic HDPE White Opaque 
Maximum value reflectance of 0.783135 at 0.537000um 
Minimum value reflectance of 0.052396 at 2.311000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic White Translucent 
Maximum value reflectance of 0.423184 at 0.351000um 
Minimum value reflectance of 0.024320 at 2.442000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic HDPE White Translucent 
Maximum value reflectance of 0.593346 at 0.411000um 
Minimum value reflectance of 0.003083 at 2.402000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic HDPE White Translucent 
Maximum value reflectance of 0.552434 at 0.505000um 
Minimum value reflectance of 0.019559 at 2.310000um. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic HDPE White Transparent 
Maximum value reflectance of 0.684232 at 0.459000um 
Minimum value reflectance of 0.006380 at 2.432000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic HDPE Yellow Opaque 
Maximum value reflectance of 0.727689 at 0.588000um 
Minimum value reflectance of 0.029418 at 2.311000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic LDPE White Translucent 
Maximum value reflectance of 0.889746 at 0.439000um 
Minimum value reflectance of 0.014077 at 2.311000um 
reflectance at 2.421000um, 0.029186 reflectance at 2.478000um, and 0.034700 
reflectance at 2.492000um. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic LDPE White Translucent 
Maximum value reflectance of 0.732326 at 0.434000um 
Minimum value reflectance of 0.043905 at 0.351000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic LPDE Clear Film 
Maximum value reflectance of 0.419299 at 2.164000um 
Minimum value reflectance of 0.364843 at 2.311000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic PETE Black 
Maximum value reflectance of 0.082365 at 0.351000um 
Minimum value reflectance of 0.035374 at 2.450000um 
Black plastic (PETE) 0.04mm thick from a food container. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic PETE Clear Bluish 
Maximum value reflectance of 0.452488 at 1.079000um 
Minimum value reflectance of 0.012465 at 2.447000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic PETE Clear Purplish 
Maximum value reflectance of 0.611994 at 0.878000um 
Minimum value reflectance of 0.126413 at 2.252000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic PETE Clear 
Maximum value reflectance of 0.502465 at 0.830000um 
Minimum value reflectance of 0.002502 at 2.446000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic Tyvek White 
Maximum value reflectance of 0.728950 at 0.351000um. Minimum value reflectance of 
0.245904 at 2.311000um 
Sample cut from a new Tyvek suit. This sample has a thickness of 0.1 mm and is white in 
color. 
Spectrum was measured on side of fabric originally facing outward on suit. The spectrum 
decreases monotonically from the ultra violet to 2.25 microns beyond which the spectrum 
is dominated by strong absorptions. There are some weak absorptions at 1.3932, 1.4190, 
and 1.4224 microns. There are C-H stretch absorptions at 1.7304, 1.7653, and 1.8226 
microns. There are weaker absorptions at 2.0103 and 2.0534 microns. There are also C-H 
combination bands at 2.3108, 2.3508 microns and and a broad complex of bands centered 
around 2.415 microns. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200, Range 0.2-3.0µm 
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Plastic  Clear Vinyl 0.4mm 
Maximum value reflectance of 0.470226 at 1.586000um 
Minimum value reflectance of 0.041818 at 2.309000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic Clear Vinyl 1.0mm 
Maximum value reflectance of 0.449022 at 0.787000um 
Minimum value reflectance of 0.000705 at 2.309000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic Vinyl Clear 1mm 
Maximum value reflectance of 0.475207 at 0.786000um 
Minimum value reflectance of 0.000543 at 2.309000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic Vinyl Red Toy 
Maximum value reflectance of 0.702231 at 0.653000um 
Minimum value reflectance of 0.048920 at 2.309000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic White Vinyl 
Maximum value reflectance of 0.811922 at 0.444000um 
Spectrum has a very steep absorption edge centered at 0.402 microns rising to a relative 
reflectance maximum at 0.447 microns and then falling off toward longer wavelengths. 
The 1.7 micron C-H stretch absorptions and 2.3 micron C-H combination bands are of 
weak to moderate strength in this sample. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic Visqueen Clear 
Maximum value reflectance of 0.456158 at 0.857000um, Minimum value reflectance of 
0.097491 at 2.311000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200, Range 0.2-3.0µm 
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Part 7: 
1. Plastic Greenhouse roof 
2. Plastic HDPE black sheet 
3. Plastic HDPE blue-green 
4. Plastic HDPE glossy white transparent 
5. Plastic HDPE white transparent 
6. Plastic HDPE translucent brown 
7. Plastic tarp blue 
8. Plastic tarp green 
9. Plywood fresh pine 
10. Polyester webbing black 
11. Roofing felt black 
12. Stonewall and green grass 1 
13. Stonewall and green grass 2 
14. Stonewall Playa dry mud field 1 
15. Stonewall Playa dry mud field 2 
16. Tarpaper new black 
17. Tarpaper weathered black 
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Plastic Greenhouse Roof 
Maximum value reflectance of 0.537013 at 1.288500um 
Minimum value reflectance of 0.065658 at 0.357100um 
Small piece of a weathered translucent green fiberglass green house roof. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic HDPE Black Sheet 
Maximum value reflectance of 0.139727 at 0.406000um 
Minimum value reflectance of 0.069798 at 2.311000um 
Black HDPE Plastic sheet Square of black HDPE Plastic sheeting 1mm thick. 
Spectrum slopes toward lower reflectance at longer wavelengths with peak in reflectance 
at 0.405 microns. Absorptions near 1.7 and 2.3 microns are probably C-H related. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic HDPE Blue-Green 
Maximum value reflectance of 0.391548 at 2.129000um 
Minimum value reflectance of 0.068742 at 0.624000um 
The spectrum has a reflectance peak at 0.504 microns with a strong absorption at 0.625 
microns probably due to the pigment. Absorptions at 1.7 and 2.3 microns are C-H related. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
 
 
 
 
 
190 
 
 
Plastic HDPE Glossy White Transparent 
Maximum value reflectance of 0.572923 at 0.426000um 
Minimum value reflectance of 0.045300 at 0.351000um 
Glossy white translucent plastic from a grocery bag labeled HDPE (2). Sample is 0.1 mm 
thick. 
Spectrum has a very abrupt absorption edge that gives way to a gently downsloping 
spectrum past 0.45 microns. The 1.7 micron C-H stretch absorptions and 2.3 micron C-H 
combination bands are of weak to moderate strength in this sample. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic HDPE White Transparent 
Maximum value reflectance of 0.564345 at 0.423000um 
Minimum value reflectance of 0.102451 at 0.351000um 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
 
 
 
 
 
 
 
192 
 
 
Plastic PETE Translucent Brown 
Maximum value reflectance of 0.403266 at 1.272000um 
Minimum value reflectance of 0.004521 at 0.452000um 
Translucent dark brown PETE Plastic from a pop bottle. Sample is 1 mm thick. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200, Range 0.2-3.0µm 
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Plastic Tarp Blue 
Maximum value reflectance of 0.612218 at 1.005000um 
Minimum value reflectance of 0.058138 at 0.615000um 
Blue (rip-stop) plastic tarp typically used in construction. 
The spectrum has a sharp peak at 0.462 microns probably due to the pigment in the 
plastic. Absorption bands in the 1.7 and 2.3 micron region are C-H related. There are 
other strong absorptions at 1.21 and 1.42 microns. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plastic Tarp Green 
Maximum value reflectance of 0.617682 at 1.005000um 
Minimum value reflectance of 0.052578 at 0.351000um 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Plywood Fresh Pine 
Maximum value reflectance of 0.829873 at 1.106000um 
Minimum value reflectance of 0.063933 at 0.352000um 
Three quarter inch thick 4 ply pine plywood, with a relatively fresh unweathered surface. 
Complex spectrum generally downsloping past 1.1 microns with multiple absorptions due 
to water, cellulose, and other wood components. 
USGS Denver Spectroscopy Lab. 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Polyester Webbing Black 
Maximum value reflectance of 0.585598 at 1.272000um 
Minimum value reflectance of 0.021266 at 0.613000um 
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Roofing Felt Black 
Maximum value reflectance of 0.141826 at 2.003000um 
Minimum value reflectance of 0.037869 at 0.417000umNew roofing felt square 
(unweathered). 
Spectrum ramps toward higher reflectance at longer wavelengths. Spectral features at 
1.73 and a 2.31 micron doublet are C-H related while those at 1.93 and 2.01 may be 
related to cellulose. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
 
 
 
 
198 
 
 
Stonewall and Green Grass 
Maximum value reflectance of 0.557657 at 1.093500um 
Minimum value reflectance of 0.001355 at 2.752000um 
0.474512 reflectance at 1.815000um, 0.323215 reflectance at 1.915000um, 0.413362 
reflectance at 2 
Stonewall Playa CU93-52A + green Lawn_Grass GDS91 in two areal mixtures: 
Stonewall Playa 0.9 + 0.1 green Grass = AMX33 
Stonewall Playa 0.8 + 0.2 green Grass = AMX34 
Av_Rs_Pwr 200, Range 0.2-3.0µm 
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Stonewall and Green Grass 
Maximum value reflectance of 0.540765 at 1.118500um 
Minimum value reflectance of 0.001355 at 2.752000um 
Stonewall Playa CU93-52A + green Lawn_Grass GDS91 in two areal mixtures: 
Stonewall Playa 0.9 + 0.1 green Grass = AMX33 
Stonewall Playa 0.8 + 0.2 green Grass = AMX34 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
 
 
200 
 
 
Stonewall Playa Dry Mud Field 
Maximum value reflectance of 0.532927 at 1.288500um 
Minimum value reflectance of 0.069389 at 0.305100um 
COLLECTION_LATITUDE: Square Corners: N37 32.05', N37 32.067', N37 32.0167', 
N37 32.0167' # degrees and decimal minutes 
COLLECTION_LONGITUDE: Square Corners: W117 09.367', W117 09.333', W117 
09.35', W117 09.383' #degrees and decimal minutes 
Stonewall Playa, Cuprite, Nevada USA 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Stonewall Playa Dry Mud Field 
Maximum value reflectance of 0.561902 at 1.783000um 
Minimum value reflectance of 0.136341 at 0.351000um 
COLLECTION_LATITUDE: Square Corners: N37 32.05', N37 32.067', N37 32.0167', 
N37 32.0167' # degrees and decimal minutes 
COLLECTION_LONGITUDE: Square Corners: W117 09.367', W117 09.333', W117 
09.35', W117 09.383' #degrees and decimal minutes 
Stonewall Playa, Cuprite, Nevada USA 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Tarpaper New Black 
Maximum value reflectance of 0.095688 at 2.006000um 
Minimum value reflectance of 0.037066 at 0.500000um 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Tarpaper Weathered Black 
Maximum value reflectance of 0.216746 at 1.868000um 
Minimum value reflectance of 0.036881 at 0.369000um 
Minimum difference of 0.000000. 
USGS Denver Spectroscopy Lab 
Av_Rs_Pwr 200 
Range 0.2-3.0µm 
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Part 8: 
1. Asphaltic Concrete  
2. Bare red Brick  
3. Cinders, Ashen  
4. Weathered Runway Construction Asphalt  
5. Gray and black Construction Asphalt  
6. Light Brown Construction Concrete  
7. Variegated Construction Concrete  
8. Variegated Bridge Construction Concrete  
9. Gray and White Weathered Runway Construction Concrete  
10. Approximately 30-year-old Runway Construction Concrete 
11. Black Matte Construction Tar  
12. Black, glossy Construction Tar  
13. Plate Window Glass  
14. Red Smooth-faced Brick  
15. Weathered Red Brick  
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Construction Concrete 0598UUUCNC 
Maximum value reflectance of 40.9400 at 1.8400um 
Minimum value reflectance of 1.7773 at 14.8000um 
 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Approximately 30-year-old runway construction  
concrete with (mostly granite) aggregate showing. Sample was light gray and weathered.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Asphaltic Concrete 0425UUUASP 
Maximum value reflectance of 37.7092 at 1.8200um 
Minimum value reflectance of 1.8162 at 13.9000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Variegated asphaltic concrete with mostly limestone and  
some quartz aggregate showing. Sample was rough and black in color.  
Concrete from runway side strips.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Bare Red Brick 0413UUUBRK 
Maximum value reflectance of 56.9300 at 1.7200um 
Minimum value reflectance of 0.7643 at 7.8000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: General fabrication construction brick. Brick surface was smooth, bare, and 
red in color.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Construction Tar 0099UUUTAR 
Maximum value reflectance of 5.6199 at 1.9400um 
Minimum value reflectance of 3.6808 at 5.8000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Black matte construction tar. Sample was weathered.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Construction Tar 0100UUUTAR 
Maximum value reflectance of 8.0031 at 0.4240um 
Minimum value reflectance of 6.3457 at 11.8000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Black, glossy construction tar.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Cinders, ashen 0101UUUCIN 
Maximum value reflectance of 10.7326 at 12.4000um 
Minimum value reflectance of 2.6700 at 0.3020um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Black, ashen construction cinders from a railroad bed in Rome, NY.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Construction Asphalt 0095UUUASP 
Maximum value reflectance of 15.6366 at 1.8800um 
Minimum value reflectance of 1.5374 at 13.8000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Gray and black construction asphalt. The sample was  
soiled and weathered, with some limestone and quartz aggregate showing.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Construction Asphalt 0096UUUASP 
Maximum value reflectance of 14.1097 at 1.9200um 
Minimum value reflectance of 1.4443 at 13.9000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Gray and black construction asphalt. Sample was soiled  
and weathered, with some limestone and quartz aggregate showing.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Construction Concrete 0092UUU.CNC 
Maximum value reflectance of 39.5481 at 1.7000um 
Minimum value reflectance of 1.0680 at 6.1000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Gray and white weathered runway concrete. Sample had  
a flat surface, with a matte texture, and very little aggregate showing.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Construction Concrete 0432UUUCNC 
Maximum value reflectance of 36.9126 at 0.7600um 
Minimum value reflectance of 2.0133 at 6.1000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Light brown, cement construction concrete cinderblock.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Plate Window Glass 0796UUUGLS 
Maximum value reflectance of 29.0152 at 9.5000um 
Minimum value reflectance of 0.0000 at 7.8000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Unweathered, transparent construction plate window glass.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Red smooth-faced Brick 0097UUUBRK 
Maximum value reflectance of 36.2944 at 4.0200um 
Minimum value reflectance of 2.2263 at 12.3000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Smooth-faced red building construction brick.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Construction Concrete 0397UUUCNC 
Maximum value reflectance of 35.4188 at 0.7640um 
Minimum value reflectance of 1.9242 at 6.2000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Variegated bridge construction concrete, with quartz aggregate showing. 
Sample was gray, smooth, and clean.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Construction Concrete 0424UUUCNC 
Maximum value reflectance of 41.7726 at 1.3400um 
Minimum value reflectance of 1.5677 at 6.1000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Variegated construction concrete, with quartz and limestone aggregate 
showing. Sample was gray, and slightly soiled.  
Concrete was from runway side strips.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Weathered Red Brick 0412UUUBRK 
Maximum value reflectance of 54.3400 at 2.1400um 
Minimum value reflectance of 0.9089 at 7.8000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: General fabrication construction brick. Brick was smooth, weathered, and 
red in color.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Construction Asphalt 0674UUUASP 
Maximum value reflectance of 8.6100 at 0.9200um 
Minimum value reflectance of 2.8295 at 12.3000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Weathered runway construction asphalt. Sample was black with little 
aggregate showing.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Part 9: 
1. Asphalt Roofing Shingle 
2. Asphalt Shingle 
3. Black Gloss Paint 
4. Black Nextel Paint 
5. Black Rubber Paint 
6. Black Rubber 
7. Black Tar Paper 0522UUUTAR 
8. Black Tar Paper 0523UUUTAR 
9. Brass Plate Bottom Center Right 
10. Brass Plate Bottom Center 
11. Brass Plate Bottom Left 
12. Brass Plate Bottom Right 
13. Brass Plate Center Left 
14. Brass Plate Center 
15. Brass Plate Top Center 
16. Brass Plate Top Left 
17. Brass Plate Top Right 
18. Flat Black Paint 1249 
19. Flat Black Paint 1949 
20. Flat Black Paint 7211 
21. Flat Black Paint DM725 
22. Glossy Black Paint 1601 
23. Glossy Black Paint DM625 
24. Gold Plate Bottom Center 
25. Gold Plate Center 1 
26. Gold Plate Center2 
27. Gold Plate Left Center 
28. Gold Plate Right Center 
29. Gold Plate Top Center 
30. Gold Plate Top Left 
31. Gold Plate Top Right 
32. Lamp (Ebony) Black Paint 
33. Metallic Silver Paint 
34. Reddish Asphalt Roofing Shingle 
35. Reddish Asphalt Shingle 
36. Slate Stone Shingle 
37. Terra Cotta Tiles 
38. Ultra Flat Black Paint 
39. White Fiberglass Rubber 
40. White Rubberized Coating 
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Black Tar Paper 0522UUUTAR 
Maximum value reflectance of 0.0417400 at 2.2600000um 
Minimum value reflectance of 0.0159040 at 7.8000000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Extremely weathered black roofing paper. Paper was thickly tarred and 
deeply cracked.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Black Tar Paper 0523UUUTAR 
Maximum value reflectance of 0.0738000 at 2.1200000um 
Minimum value reflectance of 0.0346540 at 3.3800000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Unweathered, black roofing paper, thickly tarred.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Brass Plate Bottom Center Right 
Maximum value reflectance of 0.8672590 at 2.5950100um 
Minimum value reflectance of 0.8110190 at 9.7827100um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at bottom center right. Field Brass 1.  
Measured Oct. 29 1997.  
Measurement: Hemispherical Reflectance 
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Brass Plate Bottom Center 
Maximum value reflectance of 0.8714490 at 2.5950100um 
Minimum value reflectance of 0.8042530 at 9.7827100um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at bottom center. Field Brass 1.  
Measured Oct. 29 1997.  
Measurement: Hemispherical Reflectance 
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Brass Plate Bottom Left 
Maximum value reflectance of 0.8504640 at 2.5950100um 
Minimum value reflectance of 0.7769360 at 9.7094300um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at bottom left. Field Brass 1.  
Measured Oct. 29 1997.  
Measurement: Hemispherical Reflectance 
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Brass Plate Bottom Right 
Maximum value reflectance of 0.9088250 at 2.5950100um 
Minimum value reflectance of 0.8403330 at 9.6193500um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at bottom right. Field Brass 1.  
Measured Oct. 29 1997.  
Measurement: Hemispherical Reflectance 
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Brass Plate Center Left 
Maximum value reflectance of 0.9047050 at 4.8141500um 
Minimum value reflectance of 0.8430250 at 9.6551800um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at center left. Field Brass 1.  
Measured Oct. 29 1997.  
Measurement: Hemispherical Reflectance 
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Brass Plate Center 
Maximum value reflectance of 0.9129850 at 4.2885300um 
Minimum value reflectance of 0.8498820 at 9.7276400um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at center. Field Brass 1.  
Measured Oct. 29 1997  
Measurement: Hemispherical Reflectance 
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Brass Plate Top Center 
Maximum value reflectance of 0.8963920 at 2.5950100um 
Minimum value reflectance of 0.8418210 at 9.6551800um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at top center. Field Brass 1.  
Measured Oct. 29 1997.  
Measurement: Hemispherical Reflectance 
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Brass Plate Top Left 
Maximum value reflectance of 0.9024440 at 4.4163800um 
Minimum value reflectance of 0.8475980 at 9.7827100um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at top left. Field Brass 1.  
Measured Oct. 29 1997.  
Measurement: Hemispherical Reflectance 
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Brass Plate Top Right 
Maximum value reflectance of 0.8890250 at 2.5950100um 
Minimum value reflectance of 0.8359710 at 9.6732000um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at top right. Field Brass 1.  
Measured Oct. 29 1997.  
Measurement: Hemispherical Reflectance 
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Flat Black Paint 
Maximum value reflectance of 0.1444680 at 9.8383900um 
Minimum value reflectance of 0.0490275 at 2.0714500um 
Owner: JPL  
Wavelength range: IR  
Collected by JPL  
Description: Flat black spray enamel paint  
Measurement: Hemispherical reflectance 
 
 
 
 
 
 
 
234 
 
 
Flat Black Paint 1949 
Maximum value reflectance of 0.1090620 at 9.8758700um 
Minimum value reflectance of 0.0464373 at 5.7038900um 
Owner: JPL  
Wavelength range: IR  
Collected by JPL  
Description: Flat black custom (FS37038) spray enamel paint  
Measurement: Hemispherical reflectance 
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Flat Black Paint 7211 
Maximum value reflectance of 0.0991815 at 9.9516900um 
Minimum value reflectance of 0.0363005 at 5.7417900um 
Owner: JPL  
Wavelength range: IR  
Collected by JPL  
Description: Flat black latex enamel spray paint.  
Krylon #7211.  
Measurement: Hemispherical reflectance 
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Flat Black Paint DM725 
Maximum value reflectance of 0.2543370 at 12.9621000um 
Minimum value reflectance of 0.0398276 at 7.7501200um 
Owner: JPL  
Wavelength range: IR  
Collected by JPL  
Description: Flat black spray paint  
Measurement: Hemispherical reflectance 
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Glossy Black Paint 1601 
Maximum value reflectance of 0.0585251 at 5.8191200um 
Minimum value reflectance of 0.0238884 at 7.6023900um 
Owner: JPL  
Wavelength range: IR  
Collected by JPL  
Description: Glossy black interior/exterior spray paint.  
Krylon #1601.  
Measurement: Hemispherical reflectance 
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Glossy Black Paint DM625 
Maximum value reflectance of 0.2548250 at 13.9753000um 
Minimum value reflectance of 0.0208967 at 7.7155300um 
Owner: JPL  
Wavelength range: IR  
Collected by JPL  
Description: Glossy black spray paint  
Measurement: Hemispherical reflectance 
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Gold Plate Bottom Center 
Maximum value reflectance of 0.9459330 at 5.4234700um 
Minimum value reflectance of 0.8947110 at 9.6193500um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at bottom center, Field Gold.  
Oct. 29 1997 to Oct. 30 1997.  
Measurement: Hemispherical Reflectance 
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Gold Plate Center 
Maximum value reflectance of 0.9299260 at 4.8096800um 
Minimum value reflectance of 0.8575210 at 9.6193500um 
Owner: JPL  
Wavelength range: IR  
Description: Center, Field Gold  
Oct. 29 1997 to Oct. 30 1997.  
Measurement: Hemispherical Reflectance 
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Gold Plate Center 
Maximum value reflectance of 0.9298690 at 2.5950100um 
Minimum value reflectance of 0.8539520 at 9.7094300um 
Wavelength range: IR  
Description: Measurement made at center, Field Gold.  
Oct. 29 1997 to Oct. 30 1997.  
Measurement: Hemispherical Reflectance 
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Gold Plate Left Center 
Maximum value reflectance of 0.9463150 at 4.8366000um 
Minimum value reflectance of 0.8805380 at 9.6551800um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at left center, Field Gold.  
Oct. 29 1997 to Oct. 30 1997.  
Measurement: Hemispherical Reflectance 
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Gold Plate Right Center 
Maximum value reflectance of 0.9257540 at 2.5950100um 
Minimum value reflectance of 0.8428270 at 9.7094300um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at right center, Field Gold.  
Oct. 29 1997 to Oct. 30 1997.  
Measurement: Hemispherical Reflectance 
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Gold Plate Top Center 
Maximum value reflectance of 0.9273310 at 2.5950100um 
Minimum value reflectance of 0.8628390 at 9.7642800um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at top center, Field Gold.  
Oct. 29 1997 to Oct. 30 1997.  
Measurement: Hemispherical Reflectance 
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Gold Plate Top Left 
Maximum value reflectance of 0.9458580 at 4.8366000um 
Minimum value reflectance of 0.8811310 at 9.6193500um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at top left, Field Gold.  
Oct. 29 1997 to Oct. 30 1997.  
Measurement: Hemispherical Reflectance 
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Gold Plate Top Right 
Maximum value reflectance of 0.9346890 at 2.5950100um 
Minimum value reflectance of 0.8519320 at 9.6732000um 
Owner: JPL  
Wavelength range: IR  
Description: Measurement made at top right, Field Gold.  
Oct. 29 1997 to Oct. 30 1997.  
Measurement: Hemispherical Reflectance 
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Lamp (Ebony) Black Paint 
Maximum value reflectance of 0.1047990 at 6.4729500um 
Minimum value reflectance of 0.0251556 at 5.7038900um 
Owner: JPL  
Wavelength range: IR  
Collected by JPL  
Description: Lamp (ebony) black acrylic paint. Liquid format, paint applied  
with a brush.  
Measurement: Hemispherical reflectance 
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Metallic Silver Paint 
Maximum value reflectance of 0.6513780 at 2.0277000um 
Minimum value reflectance of 0.5496480 at 5.7038900um 
Owner: JPL  
Wavelength range: IR  
Collected by JPL  
Description: Metallic silver spray enamel paint  
Measurement: Hemispherical reflectance 
 
 
249 
 
 
Reddish Asphalt Roofing Shingle 0672UUUASP 
Maximum value reflectance of 0.0832300 at 9.2000000um 
Minimum value reflectance of 0.0206970 at 12.3000000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Weathered asphalt roofing shingle. Sample was reddish and granule-
covered.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Reddish Asphalt Shingle 0683UUUASP 
Maximum value reflectance of 0.2124000 at 0.7380000um 
Minimum value reflectance of 0.0124050 at 12.5000000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Construction asphalt roofing shingle. Sample was reddish, granule-covered, 
and unweathered.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Slate Stone Shingle 0680UUUSTO 
Maximum value reflectance of 0.3229931 at 9.1000000um 
Minimum value reflectance of 0.0419170 at 12.2000000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Weathered slate roofing shingle from government building roofing shingle. 
Sample was gray.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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Terra cotta Tiles 0484UUUPOT 
Maximum value reflectance of 0.1846000 at 1.8200000um 
Minimum value reflectance of 0.0166960 at 12.2000000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Weathered terra cotta roofing tile of ceramic composite construction. Tile 
was baked clay, orange in color.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
 
 
 
 
 
 
253 
 
 
Ultra Flat Black Paint 1602 
Maximum value reflectance of 0.0653542 at 5.7995900um 
Minimum value reflectance of 0.0202010 at 5.7164600um 
Owner: JPL  
Wavelength range: IR  
Origin: The Sherwin-Williams Co., Solon, OH 44139  
Collected by JPL  
Description: Ultra flat black interior/exterior spray paint.  
Krylon #1602.  
Measurement: Hemispherical reflectance 
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White Fiberglass Rubber 0834UUURBR 
Maximum value reflectance of 0.7535000 at 1.1200000um 
Minimum value reflectance of 0.0252424 at 12.2000000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Description: Unspecified fiberglass-reinforced rubber from a building roof. Sample was 
white and weathered.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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White Rubberized Coating 0795UUURBR 
Maximum value reflectance of 0.6427000 at 1.3200000um 
Minimum value reflectance of 0.0147436 at 12.3000000um 
Owner: National Photographic Interpretation Center  
Wavelength Range: All  
Origin: Spectra obtained from the Noncoventional Exploitation Factors  
Data System of the National Photographic Interpretation Center.  
Description: Unspecified rubberized coating from a building roof.  
Sample was white, weathered, and five years old.  
Measurement: Directional (10 Degree) Hemispherical Reflectance 
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